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Summary 
The topic of this thesis is the thermoresponsive dispersion stability of nanoparticles 
coated with self-assembled ionic surfactant shells. The objective is to provide experimental 
evidence for a loss of colloidal stability at high temperatures and to explore the characteristics 
of and the reason for the dispersion breakdown. The influence of the properties of the system, 
e.g. concentrations or the structure of the surfactant, should be investigated in order to control 
the temperature of dispersion breakdown. 
 
As a starting point, the dispersion stability of hydrophilic boehmite-nanoparticles in 
aqueous sodium bis(2-ethylhexyl) sulfosuccinate (AOT) solutions was studied at room 
temperature. The particle and surfactant concentration as the two experimental parameters 
significantly influence the dispersion stability and span a stability diagram. On increasing 
surfactant concentration and decreasing particle concentration, the system changes from stable 
via moderately stable to unstable and back. In concentrated AOT solutions, fully redispersed 
particles are present being stabilised, in first approximation, by a self-assembled surfactant 
bilayer on the surface. The redispersion can be reversibly induced by dilution or concentration 
of the samples. The position of two transitions, namely for complete precipitation and for 
beginning redispersion, can be fitted accurately by using a simple model based on an H-type 
adsorption and including the specific surface area of the particle and molar area of the 
surfactant. The transitions are controlled by the concentration of free surfactant molecules in 
solution as well as the saturation surface-coverage and were corroborated by turbidity 
measurements. 
In order to assess influence of the surfactant chain length on the dispersion stability, 
the surfactant shell under consideration was simplified to a self-assembled surfactant 
monolayer with surfactant molecules adsorbed tail-on on the particle surface. Hence, 
dispersion stability diagrams of hydrophobic boehmite nanoparticles in aqueous n-
alkyltrimethylammonium bromide solutions (CnTAB, alkyl chain lengths 10–16) were 
investigated in detail. On increasing surfactant concentration and decreasing particle 
concentration, the dispersions change from unstable via an intermediate two-phase region, i.e. 
dispersed particles plus precipitate, to fully stable. At very high surfactant concentration, an 
additional instability region caused by depletion flocculation is found. At low particle 
concentrations, the transition from the intermediate to the stable region, i.e. the disappearance 
of the precipitate, occurs at a constant surfactant concentration. This concentration is 
Summary 
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introduced as the “critical dispersion concentration” (cdc), which is the lowest possible 
surfactant concentration required to disperse the hydrophobic particles. The logarithm of the 
cdc shows a linear dependence on the surfactant chain length, thus a cmc-analogous 
behaviour. The ratio cdc / cmc decreases with increasing surfactant chain length, indicating 
that long chain surfactants are more efficient in dispersing nanoparticles than their lower 
homologous. 
Turbidity measurements in a pressurised vessel give clear evidence that dispersions of 
nanoparticles with self-assembled ionic surfactant shells (both hydrophilic particles coated 
with AOT and hydrophobic particles coated with CnTAB) breakdown at elevated 
temperatures of 100–200 °C. For hydrophobic boehmite particles in CnTAB solution at 
constant particle concentration, the temperature of dispersion breakdown increases strongly 
up to a maximum with increasing surfactant concentration. Here, the surfactant micelles are 
found to dissolve before the breakdown of the dispersions. The breakdown is triggered by the 
desorption of the surfactant molecules from the particle surface and subsequent flocculation 
of the particles by hydrophobic interactions. The adsorption-desorption equilibrium, which is 
influenced by the surfactant concentration, is the origin of the increase of the dispersion 
breakdown temperature. 
For C10TAB and C12TAB, the dispersion breakdown temperature drops again with 
increasing surfactant concentration after the maximum, because the mechanism of the 
dispersion breakdown changes. Since from here on the surfactant micelles are still present 
when the dispersion breaks down, destabilisation is caused by high temperature depletion 
flocculation. The larger number of micelles in solution at higher surfactant concentrations are 
the reason for the decrease of the breakdown temperature. For C14TAB and C16TAB, the 
dispersion breakdown temperature deceases only slightly with increasing surfactant 
concentration after the maximum. Since additionally micelles are dissolved before the 
dispersions break down, nanoparticles coated with C14TAB and C16TAB generally are only 
subject to surfactant desorption. 
Long surfactant chains are found to give higher dispersion breakdown temperatures 
than short ones. This can be explained qualitatively by the requirement of more thermal 
energy in order to break an assembly of longer chains, which is associated with higher van-
der-Waals forces as compared to shorter chains. For a quantitative comparison with respect to 
the much different surfactant concentrations of C10TAB and C16TAB, the concentration of 
not-adsorbed, thus free surfactant molecules in solution, cfree, is normalised to the 
Summary 
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corresponding cmc. At a normalised concentration of 1, the temperatures of dispersion 
breakdown show a linear dependence on the surfactant chain-length. 
Furthermore, the dispersion breakdown temperature depends strongly on the particle 
concentration γboehmite. For the breakdown caused by surfactant desorption, the decrease of the 
breakdown temperature with increasing γboehmite is in good qualitative agreement with the 
dependence on surfactant concentration, since cfree decreases, when the total surfactant 
concentration is kept constant. However, for a quantitative comparison at constant cfree, higher 
particle concentrations gives lower dispersion breakdown temperatures than low γboehmite. 
Most likely, the counterions dissociated from the ionic-surfactant shell on the particles, whose 
concentration increases with γboehmite, affect the changes in the dispersion breakdown 
temperature. 
A redispersion of high-temperature flocculated dispersions upon cooling is possible, 
even though heavily dependent on the surfactant concentration. There is a minimum 
concentration of around the cmc required for redispersion, and depletion flocculated samples 
at high concentration cannot be redispersed. However, complete or even-enhanced 
redispersion can be achieved at low concentrations of dissociated counterions, e.g. by 
lowering the surfactant concentration or by increasing the particle concentration. 
Summarizing, this thesis reports consistent results on the dispersion behaviour of 
nanoparticles stabilised by ionic surfactants and discloses a loss of the colloidal stability at 
elevated temperature. The thermoresponsive behaviour of these core-hell particles has not 
been observed previously and should be transferable to other core materials which in fact 
might open up the road to new applications in industry and biomedicine. As a first example, 
the presented dispersions can be used as thermo-optical switches. More advanced applications 
could comprise release systems, in which e.g. a hydrophobic substance is kept in this self-
assembled surfactant layer and freed at the temperature of dispersion breakdown. However 
with regard to possible applications, it is essential to decrease the dispersion breakdown 
temperature. Hence, a study on further influences of the surfactant structure could be useful, 
e.g. on the degree of branching and saturation of the surfactant tail and on the type of the 
surfactant head group. At last, when approaching a core diameter below 15 nm, the curvature 
of the particle surface should have a destabilising influence on the self-assembled surfactant 
shell which might be another way to decrease the breakdown temperature if the particle size 
distribution is sufficiently narrow. 
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Zusammenfassung 
Die vorliegende Arbeit behandelt die thermoresponsive Dispersionsstabilität von 
Nanopartikeln, die von mit einer selbstorganisierten Hülle aus ionischen Tensiden beschichtet 
sind. Ziel war es, den Verlust der Kolloidstabilität bei hoher Temperatur nachzuweisen und 
die Charakteristika des Dispersionszusammenbruchs sowie dessen Ursache zu erforschen. Der 
Einfluss der Eigenschaften des Testsystems, z.B. Konzentrationen oder Tensidmolekül-
struktur, sollten untersucht werden, um die Temperatur des Dispersionszusammenbruchs 
kontrollieren zu können. 
 
Zuerst wurde die Dispersionsstabilität von hydrophilen Böhmit-Nanoteilchen in 
Lösung von Sulfobernsteinsäure-bis-2-ethylhexylester-Natriumsalz (AOT) bei 
Raumtemperatur untersucht. Die beiden experimentellen Parameter, Partikel- und 
Tensidkonzentration, beeinflussen signifikant die Dispersionsstabilität und bilden so die 
Achsen eines Dispersionsstabilitätsdiagramms. Mit zunehmender Tensidkonzentration und 
abnehmender Partikelkonzentration ändert sich der Zustand der Dispersionsproben von stabil 
über moderat stabil und instabil wieder zurück zu stabil. In konzentrierten AOT-Lösungen 
liegen vollständig redispergierte Nanopartikel vor, die durch eine in erster Näherung 
selbstorganisierte Tensiddoppelschicht auf der Partikeloberfläche stabilisiert sind. Die 
Redispergierung kann reversibel durch Verdünnen oder Aufkonzentrieren der Proben 
induziert werden. Die exakte Lage von zwei Übergängen, nämlich der für vollständige 
Ausflockung und der für beginnende Redispergierung, kann durch ein Modell angefittet 
werden, das auf H-Typ-Adsorption basiert und die spezifische Oberfläche der Partikel sowie 
die molare Fläche des Tensids berücksichtigt. Die Übergänge sind bestimmt durch die 
Konzentration an freien Tensidmolekülen in Lösung und wurden durch Trübungsmessungen 
bestätigt. 
Um den Einfluss der Tensidkettenlängen auf die Dispersionsstabilität leichter 
ermessen zu können, wurde eine Tensidhülle aus einer selbstorganisierten Monoschicht 
betrachtet. Hierbei adsorbieren die Tensidmoleküle mit dem Schwanz voran auf der 
Partikeloberfläche. Im folgenden wurden die Dispersionsstabilitätsdiagramme von 
hydrophoben Böhmit-Nanopartikeln in wässrigen n-Alkyltrimethylammoniumbromid-
Lösungen (CnTAB, Alkylkettenlängen von 10–16) untersucht. Mit zunehmender Tensid- und 
abnehmender Partikelkonzentration ändert sich der Zustand der Dispersionen von instabil 
über einen intermediären Zweiphasen-Bereich (dispergierte Partikel plus Niederschlag) hinzu 
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vollständig stabil. Bei sehr hoher Tensidkonzentration wird ein zusätzlicher durch 
Verarmungsflockung verursachter Instabilitätsbereich gefunden. Bei niedrigen 
Partikelkonzentrationen verläuft der Übergang vom intermediären zum stabilen Bereich, also 
das Verschwinden des Niederschlags, bei konstanter Tensidkonzentration. Dies ist die 
„kritische Dispergierungskonzentration“ (cdc), also die kleinstmögliche Konzentration, mit 
der hydrophobe Teilchen dispergiert werden können. Der Logarithmus der cdc zeigt eine 
lineare Abhängigkeit von der Tensidkettenlänge, also ein cmc-analoges Verhalten. Das 
Verhältnis cdc / cmc nimmt mit der Kettenlänge ab. Dies zeigt, dass langkettige Tenside 
effizienter Nanopartikel dispergieren können als deren kurzkettige Homologen. 
Trübungsmessungen in Druckgefäßen weisen eindeutig nach, dass Dispersionen von 
Nanopartikeln mit selbstorganisierten ionischen Tensidhüllen (sowohl mit AOT beschichtete 
hydrophile Partikel als auch mit CnTAB beschichtete hydrophobe Partikel) bei erhöhter 
Temperatur von 100–200 °C zusammenbrechen. Für hydrophobe Böhmit-Nanopartikel in 
CnTAB-Lösung steigt die Temperatur des Dispersionszusammenbruchs bei konstanter 
Nanopartikelkonzentration mit zunehmender Tensidkonzentration stark bis zu einem 
Maximum an. Hierbei lösen sich die Tensidmizellen bis zum Dispersionszusammenbruch auf. 
Der Zusammenbruch wird durch eine Desorption der Tensidmoleküle von der 
Partikeloberfläche ausgelöst und erfolgt durch Flockung der Partikel über hydrophobe 
Wechselwirkungen. Das von der Tensidkonzentration abhängige Adsorptions-Desorptions-
Gleichgewicht ist der Ausgangspunkt für die Zunahme der Dispersionszusammenbruchs-
temperatur. 
Für C10TAB und C12TAB fällt die Zusammenbruchstemperatur mit zunehmender 
Tensidkonzentration nach dem Maximum ab, da sich der Mechanismus des 
Dispersionszusammenbruchs ändert. Da ab hier weiterhin Tensidmizellen vorliegen, wenn die 
Dispersion zusammenbricht, wird die Destabilisierung nun von Verarmungsflockung 
hervorgerufen. Die große Anzahl an Mizellen in Lösung bei höheren Tensidkonzentrationen 
sind der Grund für die Abnahme der Zusammenbruchstemperatur. Für C14TAB und C16TAB 
nimmt die Dispersionszusammenbruchstemperatur mit zunehmender Tensidkonzentration 
nach dem Maximum nur wenig ab. Da sich hier zusätzlich die Mizellen vor der 
Dispersionszusammenbruch auflösen, unterliegen mit C14TAB und C16TAB beschichtete 
Nanoteilchen generell nur Tensiddesorption. 
Langkettige Tenside erzielen höhere Dispersionszusammenbruchstemperaturen als 
kurzkettige. Dies kann qualitativ mit einem höheren Bedarf an thermischer Energie zum 
Aufbrechen eines Zusammenhalts aus längeren Alkylketten erklärt werden, da im Vergleich 
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zu kürzeren Ketten hier größere van-der-Waals-Kräfte wirken. Für einen quantitativen 
Vergleich wird in Hinsicht auf die stark unterschiedlichen Konzentrationen von C10TAB und 
C16TAB die Konzentration von nicht-adsorbierten, freien Tensidmolekülen in Lösung, cfree,  
auf die betreffende cmc normiert. Bei einer normierten Konzentration von 1 zeigen die 
Temperaturen des Dispersionszusammenbruchs eine lineare Abhängigkeit von der 
Tensidkettenlänge. 
Darüber hinaus hängt die Dispersionszusammenbruchstemperatur in einem hohem 
Maße von der Partikelkonzentration γboehmite ab. Für den durch Tensiddesorption 
hervorgerufenen Zusammenbruch ist die Abnahme der Zusammenbruchstemperaturen mit 
zunehmender Partikelkonzentration qualitativ in guter Übereinstimmung mit der 
Abhängigkeit von der Tensidkonzentration, da cfree abnimmt, wenn die 
Gesamttensidkonzentration konstant gehalten wird. Bei einem quantitativen Vergleich bei 
konstanter cfree erzielen hohe Partikelkonzentrationen niedrigere Zusammenbruchs-
temperaturen als niedrige Konzentrationen. Höchstwahrscheinlich bewirken die von der 
Tensidschicht dissoziierten Gegenionen, deren Konzentration mit γboehmite ansteigt, die 
Änderung der Dispersionszusammenbruchstemperatur. 
Eine Redispergierung der bei hohen Temperaturen ausgeflockten Dispersionen kann 
durch Kühlen erreicht werden, jedoch ist dies stark von der Tensidkonzentration abhängig. Es 
gibt eine für die Redispergierung notwendige Mindestkonzentration von ungefähr der cmc, 
und bei hohen Tensidkonzentrationen durch Verarmung ausgeflockte Proben können nicht 
redispergiert werden. Vollständige oder verstärkte Redispergierung kann hingegen bei 
niedrigen Konzentrationen an dissoziierten Gegenionen erzielt werden, z.B. durch 
Erniedrigen der Tensid- oder Erhöhen der Partikelkonzentration. 
Zusammenfassend legt die vorliegende Arbeit konsistente Ergebnisse zum 
Dispersionsverhalten von mit ionischen Tensiden stabilisierten Nanopartikeln dar und weist 
einen Verlust der Kolloidstabilität bei erhöhten Temperatur nach. Dieses prinzipiell neuartige 
thermoresponsive Verhalten der Kern-Schale-Teilchen sollte leicht auf andere Kern-
Materialien übertragbar sein, was neue Anwendungsfelder in Industrie und Biomedizin 
eröffnen würde. Als einfaches Beispiel können die vorgestellten Dispersionen als thermo-
optische Schalter verwendet werden. Fortgeschrittene Anwendungen könnten 
Freisetzungssysteme umfassen, in denen sich z.B. eine hydrophobe Substanz in der 
selbstorganisierten Tensidschicht befindet, welche bei der Dispersionszusammenbruchs-
temperatur freigesetzt wird. Jedoch ist es in Hinblick auf mögliche Anwendungen 
unabdingbar, die Zusammenbruchstemperatur herabzusetzen. Daher sollten weitere Einflüsse 
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der Tensidmolekülstruktur untersucht werden, z.B. der Verzweigungs- und der Sättigungsgrad 
des Tensidschwanzes und die Art der Tensidkopfgruppe. Nicht zuletzt sollte eine Abnahme 
des Kern-Durchmessers auf unter 15 nm aufgrund der starken Krümmung der 
Partikeloberfläche einen destabilisierenden Einfluss auf die selbstorganisierte Tensidschicht 
haben, was ein weiterer Weg wäre, die Zusammenbruchstemperatur herabzusetzen, sofern die 
Partikelgrößenverteilung hinreichend eng ist. 
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Chapter 1: Introduction 
Colloids and surfactants are of vast importance in both industrial applications and 
everyday life, e.g. cosmetics, foods, pharmaceuticals, paints, inks, etc. When surfactants are 
used to stabilise emulsions or dispersions, they are termed emulgators respectively dispersing 
agents. The interplay between colloids and surfactants influences decisively the stability of 
the dispersion, and this problem is the subject of this thesis. Since the resulting interaction 
matrix of the ternary system (colloids, surfactants and solvent) and especially its dependence 
on the temperature is rather complex, detailed insights on the physical chemistry of colloids 
and surfactants are necessary to understand the macroscopic appearance of the system. Hence, 
this introduction gives an overview on the principle stabilising mechanisms of dispersions, the 
self-assembly of surfactants and surfactant adsorption on solid-liquid interfaces, which in turn 
supplies a first understanding of the resulting colloidal stability. 
1.1 Disperse systems and stabilising mechanisms 
Disperse systems1,2,3,4,5 are fine distributions of one substance in a second one, which 
are not molecularly soluble in each other. The two phases are called external or continuous 
phase (the dispersing medium) and internal, discontinuous, or dispersed phase. If the size of at 
least one dimension of the dispersed phase is below 1 µm (but larger than 1 nm), the 
distribution is called colloidal. The most important criterion to differentiate colloidal 
distributions is according to the state of aggregation of the discontinuous and the continuous 
phase, e.g.: liquid aerosol (liquid-gas, e.g. fog), solid aerosol (solid-gas, e.g. smoke), foam 
(gas-liquid, e.g. whipped cream), emulsion (liquid-liquid, e.g. milk), dispersion (solid-liquid, 
e.g. ink or tooth paste). In common use, suspensions are dispersions, but not colloidal 
systems. Suspensions of particles6 larger than 1 µm usually lack of stability and tend to 
sediment. 
The following focuses only on dispersions, which are traditionally also called sols. 
The formation of solid colloidal particles can on principle proceed in two ways, i.e. the state 
between the molecular and the bulk length-scale can be reached by either so-called top-down 
or bottom-up processes. In the top-down process, the bulk material is broken up into pieces 
which are in the colloidal size range. This is actually a two-step process. At first, large pieces 
have to be chopped up into smaller pieces, which, in a second step, have to be distributed in 
the fluid medium. For top-down processes, various different methods can be used and in each 
case the required energy is very high. Mechanical grinding is accomplished with various 
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kinds of mills. In so called colloid mills, the mill feed is fragmented by very high shear forces 
(e.g. rotor-stator mill). Ultrasound is also employed for dispersing. Here, the break-up is 
induced by the energy released from the creation and the collapse of cavitations, which are in 
the colloidal size range due to the high sound frequency. Top-down processes often yield 
polydisperse particles with usually irregular particle shapes and rather broad particle size 
distributions. 
Bottom-up processes are of equal importance for colloid synthesis. The so called 
condensation methods start at the molecular state. The thermodynamic pre-condition is a state 
of over-saturation of the molecular precursors, which supplies the energy for the aggregation 
process. The two elemental steps are nucleation and growth, in which the corresponding rates 
and their ratio are of major importance. Finally, a stop of growth in the colloidal size range 
has to be achieved. The major part of small colloids between 1 and 100 nm, called 
nanoparticles7, are synthesised by bottom-up processes. The products of the condensation 
methods exhibit rather narrow particle size distributions. Strongly monodisperse nanoparticles 
can only be synthesis by bottom-up processes. 
A terminal, but very important aspect for both top-down and bottom-up methods is to 
keep the generated particles in the colloidal size range, in other words to stabilise them. 
Smaller particles have larger surface areas. The drastic increase of the specific surface area 
with decreasing particle size is maybe one of the major issues in colloid science. Figure 1.1 
shows how the surface area with respect to the amount of material increases with the 
decreasing particle diameter. In the nanoparticular size range, the surface properties play a 
major role.  
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Figure 1.1: Surface area per volume of a sphere displayed against the diameter of the sphere. 
With the increase of the surface area, the total surface energy is increased, too. 
However, thermodynamics drives the system to reduce its surface energy which can be 
achieved by agglomeration of the particles. The consequence is an increase in size, which 
leads ultimately to sedimentation of the agglomerates (for particles with a higher density than 
the dispersing medium) and to the loss of the original colloidal stability. So after colloid 
synthesis, it is essential to keep the colloids stable8 in dispersion. Literature discriminates 
three principally different colloid stabilising mechanisms1,2,3,4,9. 
1.1.1 Electrostatic stabilisation and DLVO theory 
A charged solid surface in a solution requires for reasons of electro-neutrality the 
presence of counterions in close proximity to the surface. This phenomenon of the 
electrochemical double-layer is described by the Stern model, which is a combination of the 
molecular capacitor model of Helmholtz and the diffuse double-layer of Gouy-Chapman. The 
Stern model states the spatial distribution of the counterions next to the surface, and 
introduces 1/κ as the thickness of the electrochemical double-layer (see Figure 1.2). Stern 
describes the course of the potential, which decays with increasing distance from the particle 
surface. On principle, the size of the potential is not experimentally accessible, only the 
potential of a moving particle at the plane of zero shear can be measured, which is then called 
ζ-potential. When two charged colloids approach each other, the diffuse parts of the double-
layers overlap, which results in an electrostatic repulsion of the particles. 
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Figure 1.2: Simplified illustration of the charge structure around colloidal particles. Negatively 
charged particles surrounded by a layer of positive counterions are separated by the distance h. The 
thickness of the electrochemical double-layer is assigned to 1/κ. 
However, the van-der-Waals attraction counteracts this repulsion. Although van-der-
Waals forces between molecules are only significant at molecular distances (≤ 1 nm), the 
attraction between two colloids adds together to a considerable magnitude also on colloidal 
distances (> 1 nm), especially when the two colloidal particles approach each other. The term 
of the van-der-Waals attraction energy contains the Hamaker constant, which alone 
determines the size of the van-der-Waals interaction for a given particle geometry. That is, the 
Hamaker constant depends on the colloid material. The DLVO theory (named after Derjaguin, 
Landau, Verwey, and Overbeek, 1941-1955) gives a quantitative description of the resulting 
interaction energy as a sum of the electrostatic repulsion and the van-der-Waals attraction of 
two spherical colloids separated by a distance h: ET(h) = ER(h) + EA(h) (see Figure 1.3). 
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Figure 1.3: Schematic course of the resulting interaction energy ET as a sum of repulsive (ER, hatched 
curve) and attractive energies (EA, dotted curve) in dependence on the interparticular distance h. 
While there are strong repulsive forces at intermediate h, the attractive van-der-Waals 
force dominates at very low h. Consequently, an energy barrier arises preventing 
agglomeration at an intermediate distance. The height of this energy barrier determines the 
dispersion stability. Since the electrostatic interaction is very sensitive to changes of the 
dispersing medium, colloidal stability can be easily influenced by e.g. electrolyte addition. 
With an increase in the ionic strength, the electrochemical double-layer is compressed, and 
since 1/κ has direct influence on ER, the energy barrier is decreased or even repressed. This 
leads to particle agglomeration and ultimately to colloidal instability, the so called electrolyte 
coagulation. 
So far, the considered solvent only contained an “inert electrolyte”, whose ions do not 
interact with the particle surface in a special way. Ions having a particular affinity to the 
surface require a separate treatment. Here, the nature of the affinity and with it the source of 
the surface charge has to be distinguished.2,3 
A differential ion solubility generates charges on the surface of colloids of sparingly 
soluble salts. For example, the surface of AgI is not charged at equal Ag+ and I- 
concentrations. This point is termed the point of zero charge (pzc), and the respective 
dispersion should be not stable under this conditions. By addition of a soluble Ag-salt, the 
dissolution of I- ions is suppressed and a positive charge is generated by the adsorption of Ag+ 
ions on the particle surface. On the other hand, by the addition of a soluble I-salt, the 
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dissolution of Ag+ ions is suppressed, which then leads to a negative surface charge. Both salt 
additions should in each case enhance the colloidal stability. In this case, Ag+ and I- are 
termed the surface potential-determining ions. 
For the direct ionisation of surface groups, one ion is permanently bound to the 
surface. This group includes many amphoteric metal oxides as well as colloids whose surface 
exhibits ionic groups like salts of strong acids, e.g. ---OSO3-M+ or ---NR4+X-. The surface 
charge of amphoteric metal oxides is controlled by the pH: 
 
  (1.1) 
 
The pzc of the respective material is given by the pH, at which the colloids exhibit a 
non-charged surface. For example,5 SiO2 particles with a pzc of 2 are negatively charged at 
neutral pH, while α-Al2O3 particles with a pzc of 9 exhibit a positive ξ-potential at neutral pH. 
In specific ion adsorption processes, the adsorption is driven not only by Coulomb 
interaction, but also by an additional interaction, which could be a chemical affinity 
(“chemisorption”) or van-der-Waals forces, e.g. for ionic surfactant adsorption. In contrast to 
a surface affected by physical adsorption, a surface with specifically adsorbed ions does not 
necessarily have zero charge at the pH of the pzc, since specific adsorption is associated with 
the simultaneous adsorption or desorption of protons. Hence in the presence of specific ion 
adsorption, the pH at which the colloids surface carries no net charge is called the isoelectric 
point. 
1.1.2 Steric stabilisation  
When macromolecules are grafted to the particle surface, i.e. either adsorbed or 
covalently bound, steric stabilisation comes into play. Here, it is required that the dispersing 
medium is a good solvent for the stabilising polymer (in case of adsorption of 
diblockcopolymers, for the non-adsorbed part) and that, independently of the polymer 
structure, the stabilising polymer layer should be thicker than the interparticular distance, at 
which van-der-Waals attraction between the particles becomes significantly high. Here, the 
thickness of the polymer layer is given by δ, which is the contour length of the polymer 
chains (see Figure 1.4). If the distance h between the particles is h > 2δ, there is no 
interaction. If the particles approach each other at closer distances, there are on principle two 
different repulsive forces. For distances δ < h < 2δ, the polymer shells interpenetrate each 
other. This creates a difference in osmotic pressure to the surrounding solution leading to a 
OH2+ H+
OH H+
O-OH
-OH-
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flow of solvent between the interpenetrated polymer chains and resulting in a repulsion of the 
particles. For distances h < δ, the polymer shells are compressed, which should results in even 
stronger repulsion. 
 
 
Figure 1.4: Schematic drawing of two colloid particles stabilised by polymer chains of the contour 
length δ grafted to the particle surface. The distance of the particle surfaces is h. 
For the case of particles grafted with polyelectrolytes, the electrostatic repulsion mixes 
with steric repulsion, which is then called electrosteric stabilisation. 
1.1.3 Depletion flocculation 
Non-adsorbing polymer molecules can have a destabilising effect on dispersions.10 
This is called depletion flocculation, and similar principles are also described for surfactant 
micelles interacting with colloids in highly concentrated surfactant solutions.11,12,13,14 The 
surfactant micelles do not adsorb on the particle surface due to an electrostatic repulsion (for 
ionic surfactants: repulsion between micelle and oppositely charged particle surface, or in any 
other case between micelle and adsorbed surfactant layer). This leads to a micelle 
concentration gradient around the particle and to a depletion zone close to the particle surface 
without micelles (see Figure 1.5). With an approach of two particles and an overlapping of 
the depletion zones of both particles, the lack of the micelles leads to a difference in the 
osmotic pressures of the depletion zone between the two particles and of the region 
surrounding the particle pair. In order to balance this difference, solvent flows out of the 
interparticular depletion zone, which in turn creates a suction effect and a net attraction of the 
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two particles to each other. So, osmotic effects are the driving forces for depletion 
flocculation. 
 
Figure 1.5: Simplified illustration of the existence of micelles in the space between two colloid 
particles, left: large distance between particles, right: short distance. The boundary of the depletion 
zone around the particles is depicted by a dotted line. 
Depletion flocculation is not only limited to non-adsorbed polymers or surfactant 
micelles, since an effective attraction is also found between particles of much different sizes 
in bimodal distributions.15 Here, an increase of the size ratio promotes depletion flocculation. 
1.2 Surfactants 
Amphiphilic, low molecular compounds, which contain both polar (hydrophilic) and 
non-polar (hydrophobic) parts, are termed surfactants (short for surface active agents).1,2,4,5 In 
the simplest case, the hydrophobic part is a hydrocarbon chain. The hydrophilic head group 
can be of various types, and the surfactants are classified accordingly. Non-ionic surfactants 
contain non-ionic head groups, like alcohol, ether or phosphine oxide groups. Ionic 
surfactants bear charged head groups. They are subdivided into cationic (head groups like 
pyridinium or NR4+), anionic (RCO2-, ROSO3- or RSO3-) or zwitterionic (2 opposite charges 
on head groups like amine oxides or betaines).  
The origin of the word indicates that surfactant molecules accumulate at interfaces. 
For the water-gas interface, this results in the reduction of the surface tension. The surfactant 
molecules adsorb at the interface with its polar head in the aqueous solution and its tail 
pointing towards the gas phase (see Figure 1.6). On increasing surfactant concentration, the 
surface tension is further reduced, until from a certain concentration on, the surfaces tension 
stays constant. From here on, additional surfactant molecules do not adsorb at the water-gas 
interface anymore, but undergo a self-assembly process and form micelles. These are 
spherical surfactant aggregates containing a hydrophobic core of surfactant tails and a shell of 
surfactant head groups. From the point of micelle formation on, the concentration of 
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monomolecular surfactant species stays constant upon further surfactant addition and is 
therefore termed critical micelle concentration (cmc). 
 
Figure 1.6: Schematic illustration of the equilibria leading to surfactant adsorption at the water-gas 
interface at concentrations c < cmc and micelle formation at c ≥ cmc. 
Micelles are in the colloidal size range and belong to the class of “association 
colloids”. They differentiate from the most dispersion colloids in the way that they are 
thermodynamically stable. Like other self-assembly processes, the aggregation occurs 
spontaneously and reversibly. Micellisation is driven by entropy. The monomolecular species 
is solvated by water molecules. Around the hydrophobic surfactant chain, the water molecules 
are highly ordered, which is an entropically unfavoured state. Upon micellisation, the contact 
between water molecules and the hydrophobic chain is reduced. The release of “free” water 
molecules, which so far have solvated the hydrocarbon chain, corresponds to a gain in entropy 
(see Figure 1.7). This thermodynamic explanation of the immiscibility of hydrocarbons and 
water is called the hydrophobic effect. 
 
Figure 1.7: Simplified illustration of the change of the solvation state upon micellisation. The 
solvatised monomolecular surfactants molecules are in equilibrium with the solvatised micelles and 
“free” water molecules. 
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As already mentioned for the surface tension, many physical quantities of the 
corresponding surfactant solution change, when the surfactant concentration exceeds the cmc. 
For observation of a physical property Φ, the cmc is assigned to16: 
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        (1.2) 
Figure 1.8 shows how the course of electrical conductivity, equivalent conductivity, 
surface tension and turbidity in dependence on the surfactant concentration changes at the 
cmc. The experimental determination of the cmc is based on the discontinuities in the curves 
of a physical quantity. However, experimental techniques are in different ways susceptible to 
the formation of micellar aggregates in solution. So in reality, by different techniques not a 
unique concentration of micelle formation is observed, but rather a concentration interval of 
micelle formation (see Figure 1.8). 
 
Figure 1.8: Typical course of selected physical quantities Φ of surfactant solutions in dependence of 
the surfactant concentration c. The grey bar assigns the concentration interval of micelle formation. 
The deeper reason for this is that the micelle formation is not a simple phase transition 
but thermodynamically a much more complex process. In the simplest description, the 
formation of micelles of surfactant molecules S with a given aggregation number N is 
expressed by one equilibrium: 
N S SN
       (1.3) 
However, this does not come close to nature at all, since micellisation is a cooperative 
association process which involves various association steps according to: 
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SN-1 SN+S
      (1.4) 
Hence, micelles of different aggregation numbers are formed above cmc. The situation 
can be described by a frequency distribution of surfactant aggregates as a function of their 
aggregation number N (Figure 1.9). 
 
Figure 1.9: Typical frequency distribution of surfactant aggregates as a function of their aggregation 
number N. CN is the respective concentration of aggregates with the aggregation number N. With 
increasing surfactant concentration, the distribution of small surfactant aggregate stays approximately 
the same from the cmc on. Here, the mean aggregation number NM is 70 (graph after Ref.17). 
The mean aggregation number is termed NM and is usually meant when the 
aggregation number of micelles is given in literature. The cmc and the micelle aggregation 
number are dependent both on the surfactant molecular structure and on environmental 
influences. 
The molecular structure of the surfactant influences the cmc drastically. For the 
different parts of the surfactant molecules, it is well known that the cmc decreases with 
increasing surfactant chain length, which is quantified in the empirical Stauff-Klevens 
equation18,19: 
log cmc = A + n·B        (1.4) 
with n as the surfactant chain length and A and B as constants. This empirical 
correlation is based on the assumption that each additional methylen group of the alkyl chain 
adds an equal share to the free Gibbs enthalpy of micellisation. The latter is equal to log cmc.1 
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For ionic surfactants, an increase of the ionic strength of the solution leads to a 
decrease of the cmc, since it affects a screening of the charged head groups and reduces their 
electrostatic repulsion. The influence of the counterion concentration ci is decribed by:20 
log cmc = -a·log ci + b       (1.5) 
The influence of the temperature on the cmc is rather complex. On the one hand, a 
temperature increase induces a decrease in the hydration of the hydrophilic head group, which 
favours micellisation. On the other hand, a temperature increase disrupts the structuring of 
water molecules around the surfactant tail, which disfavours micellisation. This usually leads 
to a minimum in cmc at approximately around room temperature. For example, the cmc of 
alkyltrimethylammonium bromides increases with T above room temperature to its 3- to 13-
fold value21 (see Figure 1.10). However, with smaller T increments, cmc minima22 can be 
observed at 30 °C for C10TAB, at 20 °C for C12TAB, and below 20 °C for C14TAB, which 
implies that the temperature of the minimum decreases with increasing chain length (see 
Figure 1.10). 
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Figure 1.10: Critical micelle concentrations of alkyltrimethylammonium bromides CnTAB with chain 
lengths n = 10–16 in aqueous solution displayed against temperature. cmc values of closed21 and 
open22 icons are taken from literature. 
The cmc relates to the solubility of the monomeric surfactant species, and the total 
solubility of ionic surfactants is also influenced by the temperature. Depending on the 
particular surfactant, it can be very low at low temperature, but then jumps up at a 
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temperature TK called the Krafft point. Below TK, surfactants molecules are dissolved from 
the crystalline precipitate as monomeric species, while above TK they are dissolved as 
micelles. TK is known to increase with increasing surfactant chain length.1 For non-ionic 
surfactants, one may observe the opposite behaviour as a function of temperature. Upon 
increase of temperature, the non-ionic head groups are much less hydrated leading to micelle 
growth and an increased intermicellar attraction, which then results in agglomeration. So upon 
heating to a temperature called the cloud point, the non-ionic surfactant solution becomes 
turbid and separates into a surfactant-rich and a water-rich phase.  
The micelle aggregation number NM is also influenced by various parameters. NM 
increases with increasing surfactant chain length. On increasing temperature, NM decreases for 
ionic surfactants, while it increases for non-ionic surfactants.1,2,23,24 
An important property for ionic surfactant micelles is the micelle ionisation degree 
β.
21,25
 Here, the micelle consists both of dissociated surfactant ions (S+) and surfactant ions, 
which bind their counterions (A-). Hence, the charge of the micelle is equal to the number of 
dissociated surfactant ions in the micelle (M). For a cationic surfactant micelle, β is described 
according to 
NM S+ MP++ (NM-P) A-
   (1.6) 
as the ratio of charge of the micelle P to the micelle aggregation number: β = P/NM. It 
is found that β increases with increasing temperature, i.e. the micelles are higher charged. 
1.3 Surfactant adsorption at solid-liquid interfaces 
Surfactant molecules adsorb at the solution-gas interface as well as at the interface 
solution-solid. The adsorption is influenced by the nature of the three components of the 
system, i.e. the solid, the surfactant, and the solvent. For reasons of simplification, the 
following refers to water as a solvent. A closer description of the adsorption requires a 
differentiation according to the polarity of the solid surface.1,2,4,26 
1.3.1 Surfactant adsorption on nonpolar solid surfaces  
On nonpolar surfaces, adsorption is driven by the van-der-Waals attraction between 
the surfactant tail and the nonpolar solid surface. In the early stages of adsorption, the 
surfactant molecules lies with its hydrophobic tail parallel to the surface, while the polar head 
group tilted towards to aqueous phase. Then small two-dimensional surfactant aggregates, so 
called hemimicelles, begin to form on the hydrophobic surface and a rapid increase in 
Introduction 
 34
adsorption occurs. The critical hemimicelle concentration (hmc)27 or the critical aggregation 
concentration (cac)28 marks this point in the adsorption isotherm. The hmc is only a fraction 
of the respective cmc. As adsorption proceeds, the surfactant molecules become oriented 
more perpendicular to the surface, until in the ideal case a self-assembled surfactant 
monolayer is formed at surface saturation (see Figure 1.11). The dense monolayer is always 
formed when the hydrophobic nature of the surface originates from grafted alkyl chains.29,30 
However, adsorption on other surfaces like e.g. graphite, may lead to less dense monolayers 
or hemimicellar and hemicylindrical structures.10,31,32,33,34 
 
Figure 1.11: Schematic illustration of tail-on surfactant adsorption from aqueous solution on non-
polar solid surfaces. 
A direct consequence of the surfactant adsorption independent of the surface aggregate 
structure is a change in surface polarity. Due to the orientation of the polar surfactant heads 
towards the solution, the surface changes from hydrophobic to hydrophilic. 
1.3.2 Surfactant adsorption on polar, charged solid surfaces  
Due to the charge of the surface, ionic surfactants experience a discrimination when 
approaching charged surfaces. Surfactants, which bear the same charge as the surface, are 
repelled from the surface. Only oppositely charged surfactants adsorb readily on the surface. 
In contrast to hydrophobic surfaces, surfactant molecules adsorb head-on on charged 
surfaces, since this is driven by electrostatic interactions.35,36,37 In the early stages, adsorption 
occurs primarily as a result of ion exchange leading to a replacement of adsorbed counterions 
by individual surfactant molecules, which lie flat on the surface. This does not significantly 
change the surface charge.  
Adsorption increases rapidly at the hmc or cac, from where on two-dimensional 
surfactant aggregates are formed on the surface. The hmc on charged surfaces is likely to be 
smaller that on hydrophobic surfaces due the stronger interactions forces. From the hmc on, 
the orientation of the molecules changes from flat to rather perpendicular to the surface, and 
two-dimensional surfactant aggregates (hemimicelles) are formed. Similar to micellisation, 
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this self-assembly is driven by the hydrophobic effect. From here on, the adsorption energy of 
surfactant ions consists not only of the Coulomb interaction term, but also of an additional 
term of van-der-Waals attraction, which is then termed specific ion adsorption (cf. section 
1.1.1). In this regime, surfactant adsorption is dominated by the mechanism of ion pairing. 
This results in a net decrease of the surface charge and at the level of complete neutralisation, 
the surface charge equals zero, i.e. the isoelectric point of the surface. On surfaces with a 
former high charge density and in a dense packing, the surfactant aggregates can be 
approximated as a monolayer (see Figure 1.12).38 
 
Figure 1.12: Schematic illustration of the step-wise surfactant adsorption from aqueous solution on 
polar, charged solid surfaces. In the ideal case, the first step corresponds to head-on adsorption and 
formation of a self-assembled monolayer and the second one to tail-on adsorption and formation of a 
self-assembled bilayer.39 
Upon further increase of the surfactant concentration, surfactant adsorption proceeds 
with the absence of any strong electrostatic attraction and is only driven by van-der-Waals 
interaction with the now hydrophobic surface. Hence from here on, tail-on adsorption occurs 
leading in total to the formation of a more or less dense self-assembled bilayer (see Figure 
1.12). Depending on the surfactant, the substrate and the adsorption conditions, an admicelle 
structure may be alternatively formed, which is a dense packing of spatially confined two-
dimensional surfactant aggregates. 
Summarising the stepwise surfactant adsorption process, the surface polarity is 
changed twice. By head-on adsorption and formation of a self-assembled monolayer, the 
formerly polar, charged surface becomes hydrophobic. Tail-on surfactant adsorption leads in a 
second step to a newly charged surface. Due to the opposite charge of the ionic surfactant, the 
bilayer formation ultimately reverses the charge of the original surface. Analogous to the 
surface of ionic surfactant-micelles, the bilayer surface is only partially charged due to 
counterion condensation. 
Nonionic surfactants may be adsorbed in the same way on charged surfaces. For 
example, polyoxyethylated surfactants adsorb on negatively charged silica with similar 
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bilayer structures as shown in Figure 1.12. However, on positively charged alumina only 
weak adsorption occurs.1 
1.3.3 Temperature effects on surfactant adsorption 
An increase of temperature generally causes a decrease in the adsorption of ionic 
surfactants, since their solubility is increased. However, the influence of temperature is rather 
small compared to the influence of changes of other experimental parameter, e.g. the ionic 
strength.1,2 
1.4 Surfactant adsorption on dispersed particles: Influences on the 
colloidal stability 
Surfactants can adsorb on the surface of dispersed particles and as a result modify the 
charge and the polarity of the surface. Consequently, they can affect colloidal stability.1,3,9 
When they enhance the dispersion stability, they are termed dispersing agents.40 Similar to the 
discussion on surfactant adsorption on surfaces, a differentiation between hydrophobic and 
hydrophilic colloids as substrates for surfactant adsorption is reasonable. 
Hydrophobic particles should by themselves be dispersible in nonpolar solvents. For a 
good steric stabilisation in such solvents, the hydrophobic particle-surface could be coated 
with macromolecules, whose chains reach into the solvent. Due to a lack of electrostatic 
stabilisation, hydrophobic particles made of e.g. carbon black or graphite cannot be dispersed 
in water. However, in aqueous solution of ionic surfactants hydrophobic particles can be 
dispersed. Here, the surfactants adsorb tail-on and form in the ideal case a self-assembled 
monolayer (cf. section 1.3.1, Figure 1.11, and Figure 1.13). The ionic head groups are 
oriented towards the aqueous solution creating a newly charged surface. This provides the 
required electrostatic stabilisation and gives rise to a significant ζ-potential of the particles 
(see Figure 1.13). As a direct consequence of these adsorption processes, starting from pure 
water the precipitate of hydrophobic particles is transferred into a stable dispersion on 
increasing surfactant concentration.27,41,42,43 More precisely, the stability of the dispersion 
increases rapidly at a certain surfactant concentration and then remains essentially unchanged 
as the concentration increases,27,42 which can be monitored e.g. by turbidity measurements27 
(see Figure 1.13).  Non-ionic surfactants cannot provide any electrostatic stabilisation. 
However, they can act as very effective dispersing agents, since they stabilise the dispersion 
by steric forces.9 In comparison, the contribution of steric stabilisation for ionic surfactants is 
very small. 
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Figure 1.13: Top: Schematic illustration of the colloidal stability of hydrophobic particles in aqueous 
surfactant-solution: the precipitate disappears upon surfactant addition to form a stable dispersion. 
Middle: Principal course of the turbidity27 of the stirred sample and supposed course of ζ-potential on 
increasing cationic surfactant concentration. Bottom: Model of the corresponding states of surfactant 
adsorption on the particles. 
Due to their charged surface and the resulting electrostatic stabilisation, hydrophilic 
particles can be dispersed in water. Here, the addition of oppositely charged ionic surfactants 
does initially not enhance the colloidal stability. Rather, head-on adsorption via ion pairing 
leads to a decrease of the net surface charge and incipient dispersion destabilisation. As the 
particle surface exposes an increasing amount of alkyl chains due to the formation of a 
surfactant monolayer and the surface charge is neutralised, the particles agglomerate via 
hydrophobic bridging.1,44,45 Maximum flocculation occurs when the surface bears no charge 
and ζ-potential of the particles reaches zero (see Figure 1.14).46,47 
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Figure 1.14: Top: Schematic illustration of the colloidal stability of hydrophilic particles with a 
negative ζ-potential in aqueous solution on increasing cationic surfactant concentration: dispersion-
flocculation-redispersion upon surfactant addition. Middle: Principal course of particle size,47 turbidity 
of the stirred sample,46,48,49,50,51 flotation efficiency,49 and ζ-potential46,47,49,50,51 on increasing surfactant 
concentration. Bottom: Model of the corresponding states of surfactant adsorption on the particles. 
If surfactant adsorption continues after dispersion breakdown, van-der-Waals 
interaction causes the surfactant molecules to adsorb tail-on, which leads to the formation of a 
surfactant bilayer and the creation of a newly charged surface. Electrostatic repulsion breaks 
up the agglomerates, and the particles are redispersed (see Figure 1.14). The ζ-potential of the 
particles is reversed with the formation of the surfactant bilayer. Upon increasing surfactant 
concentration, the change in colloidal stability of hydrophilic particles can be recapitulated as 
dispersion-flocculation-redispersion52 and monitored by measurement of the turbidity of the 
stirred sample,46,48,50,51 the particle size,47 or the flotation efficiency49 (see Figure 1.14). 
All previous reports on the surfactant stabilisation of nanoparticles concentrated on 
specific particles-surfactant systems at one particular particle concentration. A possible 
influence of the particle concentration on the dispersion stability was so far not addressed. 
1.5 Objectives and contents of this thesis 
This thesis is concerned with the dispersion stability of nanoparticles coated with self-
assembled ionic surfactant shells and its temperature dependence. The behaviour is based on 
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the properties of the corresponding interaction matrix of the ternary system, i.e. colloids, 
surfactants and solvent, and the potential impact of temperature changes on the matrix. 
The first objective was to explore the interaction matrix at room temperature. Despite of the 
fact that about a dozen papers exist on the stability of colloids in surfactant solution, a 
detailed and down-to-earth approach by recording dispersion stability diagrams of certain 
particles-surfactant systems as presented in this thesis is new. The stability diagrams give 
information on several orders of magnitude of surfactant and particle concentrations and 
demonstrate how changes in e.g. surfactant chain length affect the colloidal stability. The 
second objective was to provide robust experimental evidence for the existence of a high-
temperature dispersion instability. This was achieved with heating of the aqueous dispersions 
in a pressurised vessel even above 100 °C and simultaneously measuring the turbidity. Most 
of the experimental efforts were focussed on obtaining reproducible data with laboratory-
made equipment. The third objective of this thesis was to study how the temperature of 
dispersion breakdown is influenced by various dispersion parameters, such as surfactant or 
particle concentration or surfactant chain length. Here, the insights gained by the dispersion 
stability diagrams at room temperature proved to be an indispensable help to interpret the 
features of the high-temperature dispersion breakdown. 
 
This introduction (Chapter 1) is meant to give an short overview on the fundamentals in 
colloidal stability, the physical chemistry of surfactants, the adsorption of surfactants on flat 
substrates and the interaction of colloids and surfactants. 
Chapter 2 deals with the colloidal stability of hydrophilic boehmite nanoparticles in aqueous 
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) solution at room temperature. The concept of 
a dispersion stability diagram is introduced and from the results a surfactant amount balance 
model is derived, which relates intrinsic particle and surfactant properties to the course of the 
colloidal stability. 
In Chapter 3, dispersion stability diagrams of hydrophobic boehmite nanoparticles in 
aqueous n-alkyltrimethylammonium bromide solutions (CnTAB) with a varied alkyl chain 
lengths (10–16) are investigated in detail. The critical dispersion concentration (cdc) is 
introduced and its dependence on the surfactant chain length is investigated. CnTAB proves to 
be a versatile test system, which is therefore kept in the following chapters. 
Chapter 4 presents a detailed study on the dispersion breakdown of hydrophobic boehmite 
nanoparticles in aqueous C12TAB solutions. The chapter focuses on the experimental 
detection of high-temperature dispersion instability with turbidity measurements and 
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describes the influence of surfactant concentration on the temperature of dispersion 
breakdown. 
Chapter 5 discusses the dependence of the surfactant chain length on the dispersion 
breakdown temperature caused by surfactant desorption. Dispersions of hydrophobic 
boehmite particles in CnTAB solutions can be quantitatively compared by a normalisation of 
the surfactant concentration. 
Chapter 6 studies the influence of the particle concentration on the high-temperature 
dispersion breakdown of hydrophobic boehmite particles in C12TAB solution. This chapter 
elucidates the role of the dissociated counterions and describes furthermore under which 
conditions a redispersion upon cooling can be achieved. 
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Chapter 2: The dispersion-stability diagram of boehmite 
nanoparticles in aqueous AOT solutions 
2.1 Introduction 
The adsorption of surfactants on charged surfaces is of importance in many solid-
liquid interfacial processes such as dispersion stabilization, mineral flotation, protection of 
metal surfaces, wetting, and lubrication.1,2,3 Three models describing the step-wise adsorption 
of ionic surfactants on oxidic surfaces have been proposed: the reverse orientation model,4 the 
bilayer model,5 and the surface micelle model.6 
The adsorption of charged surfactant molecules on oppositely charged oxidic surfaces 
is initially driven by electrostatic interactions. Head-on adsorption via ion exchange and ion 
pairing leads to the formation of two-dimensional surfactant aggregates, so called surface 
hemimicelles.6 On a surface with a high charge density and in a dense packing, these 
aggregates can be approximated as monolayer.7 The ion pairing results in a neutralisation of 
the surface charges and a change in surface polarity from hydrophilic to hydrophobic due to 
the exposed alkyl chains. Consequently, aqueous charge-stabilised dispersions break down 
beyond a certain point, since the particles agglomerate via hydrophobic bridging, and 
flocculation occurs.8,9 Upon further surfactant addition, hydrophobic interactions between the 
dissolved surfactant and the hydrophobic particle surface cause the next molecules to be 
adsorbed tail-on. This process creates a more or less dense self-assembled bilayer or an ad-
micelle structure, which is accompanied by the formation of a new charged surface. As a 
result, the initial charge stabilisation is re-established providing the means to break up the 
agglomerates and redisperse the particles. This sequence describing the dispersion stability of 
hydrophilic particles in water with increasing surfactant concentration can be summarised as 
dispersion – flocculation – redispersion.10 
Adsorption at solid interfaces and consequently the dispersion stability is driven by the 
adsorption/desorption equilibrium, which in turn depends on surfactant concentration.3 To 
define the surfactant concentration in this context, one needs to consider the four possible 
environments for surfactant molecules: unassociated in solution (surfactant monomers), 
associated in solution (surfactant micelles), adsorbed at the liquid-vapour interface, and 
adsorbed at a solid-liquid interface.11 For solutions containing particles, the solid-liquid 
interface must be divided into the solution-particle interface and the interface at the walls of 
the reaction vessel. In the presence of particles with a high specific surface area, the influence 
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of the surface of the vessel can be neglected. Similarly, the liquid-air interface can be 
neglected under the same conditions. The remaining environments – monomers, micelles, and 
adsorbed on particles – can be grouped into the overall surfactant concentration, csurfactant, 
which is the total amount of surfactant divided by the sample volume, and the surfactant 
concentration in solution, cfree, which is the amount of not adsorbed surfactant molecules left 
in solution (both surfactant monomers and micelles). In other words, csurfactant includes the 
adsorbed surfactant molecules while cfree excludes these. For processes of surfactant 
adsorption and desorption at solid-liquid interfaces after the adsorption equilibrium is 
reached, cfree is the decisive parameter.4 
A number of studies on the colloidal stability of dispersed particles in solutions with 
increasing amount of surfactant have previously appeared.12,13,14,15,16,17,18,19,20,21 In some of the 
references, cfree was measured and directly correlated to the dispersion stability,12,13,15,18,20 in 
others is was not.14,16,17,19,21 
Since cfree is defined as the total amount of surfactant minus the amount of adsorbed 
surfactant molecules per sample volume, cfree correlates directly with the particle 
concentration via the specific surface area. Consequently, in colloid stability experiments, 
where cfree is not determined, the particle concentration becomes an important factor. In this 
report, we directly correlate the two experimental parameters, the particle and the surfactant 
concentration, with the colloidal stability. We also devise a simple theoretical model that links 
these two parameters and describes the border lines between dispersion, flocculation, and 
redispersion. 
2.2 Materials and Methods 
2.2.1 Materials 
Nanocrystalline boehmite Dispal 23N4-80 was obtained from Sasol Germany GmbH 
(Hamburg, Germany). The particles are agglomerates composed of 9 nm large crystallites and 
exhibit a size in the dispersed state of 90 nm in diameter.22 The particles have a specific 
surface area, as,boehmite, of 222 m2/g (BET after 3 h at 550 °C; Sasol Product Quality Report, 
Lot number S-2291J) and exhibit a positive Zeta potential. AOT (Aerosol OT, sodium bis(2-
ethylhexyl) sulfosuccinate) was purchased from Sigma Aldrich and used without purification. 
2.2.2 Methods 
Boehmite stock-solutions were prepared by dispersing dry Dispal 23N4-80 in defined 
volumes of water by stirring for 30 min. The mixture was then centrifuged at 3000 rpm for 10 
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min and the supernatant layer was decanted (dispersibility: 98%) to give bluish-opalescent to 
bluish-white dispersions depending on the particle concentration. The dispersions were stable 
for at least 5 months. 
Defined volumes of boehmite and AOT stock-solutions were mixed to obtain samples 
of preset mass concentrations of boehmite γboehmite and overall molar concentrations of AOT 
cAOT. All samples were stirred for at least 6 hours and then allowed to settle for 1 day, before 
the dispersion stability was checked. 
The electrical conductivity was measured with a Dr. Lange ECM Multi conductometer 
at 25 °C. The pH value was determined with a WTW pH330 pH-meter. The conductivity and 
the pH value was measured 1 hour after dispersing the boehmite particles in distilled water. 
After this period, changes in conductivity and pH value were negligible. Turbidities were 
measured in a two-beam Cary Win 100 Bio UV spectrometer at 500 nm while stirring the 
samples. The turbidity was monitored 30 min and 60 min after the addition of the reactants. 
2.3 Results and Discussion 
2.3.1 Dispersion stability and adsorption model 
Mixing defined volumes of boehmite dispersions and AOT solutions leads to three 
distinctly different optical appearances of the samples depending on the ratio of the two 
components: a) homogeneous, bluish-opalescent solutions, b) bluish-opalescent solutions with 
precipitate, and c) transparent solutions with precipitate. The experimental parameters, which 
describe these mixtures, are the overall AOT concentration, cAOT, and the mass concentration 
of boehmite, γboehmite. Dispersion experiments were conducted at given γboehmite and given cAOT 
to check the individual dispersion stability, and the results were plotted in a stability diagram 
with the two parameters as axes (Figure 2.1). The presented stability diagram spans five 
orders of magnitude in both particle and surfactant concentration. Points of similar dispersion 
stability (as manifested in the optical appearance of the sample) were then grouped and found 
to form five stability scenarios. 
 
The dispersion-stability diagram of boehmite nanoparticles in aqueous AOT solutions 
 46
 
Figure 2.1: Dispersion-stability diagram for boehmite nanoparticles in aqueous AOT-solutions 
depicting the scenarios. Schematic representations of the optical appearances are assigned to each 
scenario. The horizontal lines at γboehmite = 0.21 g/l, 0.50 g/l, and 0.71 g/l indicate the compositions 
used for the turbidity measurements. 
Qualitatively, these are in the order of increasing cAOT and decreasing γboehmite (see 
Figure 2.1): Scenario 1, which comprises a bluish-opalescent solution; scenario 2, a bluish-
opalescent solution with a white precipitate; scenario 3, a transparent liquid phase showing no 
Tyndall effect with a white precipitate; scenario 4, which is similar to scenario 2, but the 
supernatant shows a more intense scattering; and scenario 5, which is similar to scenario 1, 
but again showing a more intense scattering. The transition from scenario 3 to 4 and from 4 to 
5 is accompanied by a partial respectively complete disappearance of the precipitate. 
However, there are experimental limits and not every point in Figure 2.1 is accessible. 
For γboehmite ~<   0.004 g/l, the Tyndall effect, which is used to detect the presence of dispersed 
particles, becomes too weak to be observed (lower limit). For γboehmite ~>   230 g/l, the 
dispersions become gel-like and precipitation is hampered (upper limit). Finally, the solubility 
limit for AOT is at cAOT = 33 mM (right limit). At γboehmite < 0.06 g/l respectively γboehmite 
< 0.09 g/l, the sharp transitions from scenario 2 to 3 respectively scenario 3 to 4 become 
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blurred. This observation will be covered later (see chapter 2.3.2). The discussion in this 
chapter focuses only on particle concentration greater than 0.09 g/l. 
Figure 2.1 clearly shows that the dispersion stability of boehmite particles in AOT 
solutions strongly depends on both particle concentration and the overall surfactant 
concentration. To understand this behaviour, the available space on the particle surface and 
the space required by the AOT molecules needs to be considered. Using the specific surface 
area as,boehmite = 220 m2/g of Dispal 23N4-80, the total surface area of the boehmite particles 
Aboehmite = as,boehmite · mboehmite can be calculated. From this and the total amount of AOT, nAOT, 
the absolute theoretical surface coverage Γtheo follows as:  Γtheo = nAOT / Aboehmite. The 
subscript “theo” is used to indicate that this relation only holds true under the assumption of 
total surfactant adsorption. 
However, clearer insight into the system is obtained by using the relative theoretical 
surface coverage Θtheo = am,AOT · nAOT / Aboehmite = am,AOT · Γtheo, where am,AOT is the molar area 
of AOT.23 With the definitions for cAOT and γboehmite, Θtheo can be expressed as the ratio of the 
two axes in Figure 2.1 (Eq. (2.1)): 
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       (2.1). 
Points with the same Θtheo are found on secants in the double logarithmic diagram24 
(Figure 2.1) and are exemplary drawn for Θtheo = 3%, 30%, and 100%. At Θtheo = 100%, 
enough surfactant is present in the mixture to theoretically cover the complete particle surface 
with a monolayer. 
The space on the particle surface required by the surfactant is rarely taken into account 
in literature,13,19,21 since at fixed particle concentrations, Θtheo depends only on the given 
surfactant concentration cAOT. However, Θtheo gains major importance when the colloidal 
stability is studied at varying particle concentration as it is directly related to the scenario 
boundaries. At Θtheo = 3% the boehmite dispersion becomes unstable and starts to precipitate, 
i.e. transition to scenario 2, where the mixture contains a precipitate as well as dispersed 
particles. The transition from scenario 1 to scenario 2 follows a straight line for Θtheo = 3%, 
which is proportional to a constant ratio cAOT/γboehmite, over the whole range. The magnitude of 
Θtheo for this transition is in good agreement with literature. For the adsorption of 
dodecyltrimethylammonium bromide on nanosized silica, significant changes in surface 
hydrophobicity and zeta potential were detected starting from a theoretical coverage of 2%.19 
The other border lines exhibit a more complex behaviour, and consequently a more 
detailed examination is necessary. To do so, we introduce a rather straightforward adsorption 
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model.25 For the adsorption of AOT at the boehmite/water interface we assume an H-type 
(“high affinity”) adsorption isotherm as proposed by Giles with a very large adsorption 
coefficient and the saturation coverage Θsat.26 Due to the strong electrostatic interaction 
between particle and surfactant, we suppose that below a certain threshold value for Θtheo, i.e. 
below the saturation coverage Θsat, nearly quantitative adsorption of the surfactant takes 
place. That is, the amount of surfactant adsorbed on the particle, nads, equals the total amount 
of AOT, nAOT, and consequently, the concentration of free AOT in solution cfree ≈ 0. 
Only at Θtheo > Θsat, when nads < nAOT, the excess of the surfactant molecules, ∆n = 
nAOT - nads, is found in solution. Consequently, cfree can be calculated as ∆n / V or cAOT minus 
nads per sample volume (Eq. (2.2)): 
V
n
c
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nn
c adsAOT
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free −=
−
=       (2.2). 
On the premises of the aforementioned H-type adsorption model, nads can be 
calculated from the available particle surface assuming an adsorption up to the saturation level 
of Θsat (Eq. (2.3)): 
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Θ=         (2.3). 
From Eq. (2.2) and Eq. (2.3) follows that above the saturation coverage Θsat, the 
concentration of free AOT molecules in solution, cfree, is a function of the boehmite 
concentration γboehmite (Eq. (2.4)): 
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The consequences of this equation for the stability diagram (Figure 2.1) become 
evident, when Eq. (2.4) is transformed into Eq. (2.5): 
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,
     (2.5). 
 
Here, γboehmite is expressed as a function of cAOT with as,boehmite and am,AOT being 
intrinsic properties of the reactants, while Θsat and cfree represent parameters describing the 
position of the curve. This means, in the double logarithmic diagram27 (Figure 2.1), Eq. (2.5) 
describes a curve, on which the concentration of free AOT molecules in solution always 
equals the set parameter cfree provided that surfactant adsorption proceeds up to the saturation 
coverage Θsat (proposed adsorption model). It is important to note that by proper setting of 
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cfree and Θsat, Eq. (2.5) can be used to describe two of the observed boundaries in the 
dispersion stability diagram, namely the transition from scenario 2 to 3 and from scenario 3 to 
4. However, due to the restriction of the H-type adsorption model, i.e. for Θtheo < Θsat ⇒ 
cfree ≈ 0, the model can only be used to describe individual scenario boundaries and does not 
provide an over-all description of the complete system. 
For the transition from scenario 2 to 3, i.e. the complete precipitation of the boehmite 
nanoparticles, the parameters are Θsat,2→3  = 30% and cfree,2→3  = 0.11 mM. Adsorption of 
surfactants and consequently the colloidal stability in surfactant solutions is influenced by the 
concentration of free surfactant molecules in solution. Consequently, a change of dispersion 
stability should occur, once a certain concentration cfree is exceeded. This relation of a 
scenario boundary to a surfactant concentration is in contrast to the transition from scenario 1 
to scenario 2, which seems to be only determined by the surface coverage, but is consistent 
with literature. It was found that for silica particles in alkylpyridinium chloride solution the 
maximum instability was reached at an equilibrium concentration of 2% respectively 3% of 
the cmc of the particular surfactant.18 In the present case, the experimental results indicate the 
region of complete precipitation to start at cfree,2→3  = 0.11 mM, which equals 4% of the cmc 
of AOT (= 2.5 mM).23,28 
The second parameter for the transition from scenario 2 to 3 is Θsat,2→3  = 30%. It is 
important to remember that Θ contains properties of both the adsorbent and the adsorbate, 
namely the specific surface area of boehmite, as,boehmite, and the molar area of AOT, am,AOT. 
Coverage of 30% of the boehmite surface with AOT is sufficient to completely precipitate the 
particles. No comparison of this value to previous studies is available, since references that 
consider Θtheo do not provide information about the value for the point of complete 
flocculation.13,19,21 
The transition from scenario 3 to 4 is characterised by the beginning redispersion. 
Using Eq. (2.5), the parameters Θsat,3→4 = 100% and cfree,3→4 = 1 mM provide a good fit for 
the border line. cfree,3→4, therefore, constitutes the surfactant concentration in solution, from 
which on redispersion is possible. The value of cfree,3→4 corresponds nicely to reference data, 
where cfree was measured and correlated to the dispersion stability. There, the onset of the 
beginning redispersion was found at concentrations slighty smaller than the cmc of the 
surfactant.12,13,15,18,20 In one particular study on AOT, the dispersion stability was found to 
change at an equilibrium concentration, i.e. cfree, of approximately 1 mM from unstable to 
moderately stable; above 2.5 mM the dispersion was stable again.13 
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It should be underlined that in contrast to those studies, in which cfree was measured at 
the point of complete flocculation18 and of beginning redispersion respectively,12,13,15,18,20 we 
take it here as a theoretical value calculated from intrinsic system parameters on the basis of a 
simple adsorption model. Besides, in previous studies the dispersion stability was determined 
only at single particle concentrations, while these experiments cover a range of almost 4 
orders of magnitude in particle concentration. 
In addition to cfree,3→4 = 1 mM, the second requirement for the transition from scenario 
3 to 4 is Θsat,3→4 = 100%. Under these conditions, enough surfactant molecules are present to 
cover the particle surface with a dense monolayer. Redispersion is caused by the formation of 
a bilayer or admicelles on the surface. For the transition from scenario 3 to scenario 4, such 
structures are formed once cfree,3→4 exceeds 1 mM and Θsat,3→4 is set to 100%. Below that 
value, the surfactant molecules assemble into incomplete monolayer or hemimicelles, which 
are not capable of redispersing the precipitated particles (scenario 3). 
In scenario 4, hydrophobic interactions between the surfactants in solution and the 
coated particle-surface cause the actual redispersion due to tail-on adsorption and the 
formation of a new charged surface. However, these interactions are not considered in the 
proposed model. Yet, the model can be used to describe the right limit of scenario 3 (i.e. the 
point of transition from scenario 3 to 4), since in scenario 3, surfactant adsorption is 
dominated by electrostatic interactions between the particle surface and the surfactant 
molecules. At the transition from scenario 3 to 4, the model therefore specifies the point at 
which the electrostatic interactions no longer dominate, but does not describe the mechanism 
of redispersing. 
It must be noted that the experimentally observed transition from scenario 3 to 4 
follows exactly the calculated path for cfree = 1 mM over the whole particle concentration 
range. This is particularly interesting, since the electrolyte concentration and the pH value of 
the boehmite dispersion changes significantly with the particle concentration (vide infra). It is 
known that the solubility of the monomeric surfactant species decreases with increasing 
electrolyte concentration. As a direct consequence, the cmc decreases29 and the redispersion 
of particles starts at lower surfactant concentration.19 There a two possible explanations, for 
why this was not observed during our experiments: a) the electrolyte concentration at high 
γboehmite is not sufficient to effect a significant change of the solubility of the monomeric 
species and consequently the scenario boundaries, b) the electrolyte concentration at high 
γboehmite influences the solubility, but the changes are too small to be detected with our 
experimental setup. 
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In scenario 4, the precipitated boehmite particles are partially redispersed. Adsorption 
of surfactant molecules is accompanied by the formation of a bilayer or admicelles on the 
particle surface held together by hydrophobic interactions. Transition from scenario 4 to 
scenario 5 is accompanied by a complete redispersion. As stated above, the presented model 
does not describe this transition, since the model is based on a “high affinity”-type adsorption 
isotherm with strong electrostatic interactions between the ionic surfactant-head and the 
charged particle-surface. As the surfactant molecules continue to adsorb tail-on, weak van-
der-Waals interactions between the alkyl chains of the surfactants gain more and more 
importance. This might explain, why no clear correlation of experimental parameters to the 
border line between scenario 4 and 5 was found. In fact, the transition to complete 
redispersion turns out to be rather fuzzy, which in Figure 2.1 was illustrated by using a 
greyscale gradient between scenario 4 and scenario 5 in the region of the transition. 
The fundamental difference between the observed strong (electrostatic, H-type) and 
weak (hydrophobic) adsorption mechanisms becomes evident upon dilution and concentration 
of the samples. Scenario 5 is only stable in concentrated AOT solutions, and upon dilution 
flocculation occurs. The addition of water to a scenario 5 solution first results in the formation 
of a precipitate with an opalescent supernatant (transition from scenario 5 to 4) and finally 
leads to complete precipitation of the particles (transition from scenario 4 to 3). When the 
solvent is evaporated at this point, the precipitate can be redispersed completely by stirring. 
Hence, transition from scenario 5 to 3 is fully reversible. Dilution and concentration does not 
change the ratio nAOT/mboehmite, so the cycle scenario 3 → scenario 5 → scenario 3 proceeds at 
constant Θtheo. The addition of solid boehmite to a scenario 5 solution first leads to the 
formation of a precipitate in the opalescent solution (scenario 4) and finally results in 
complete precipitation (scenario 3). Reducing γboehmite is experimentally not possible without 
changing cAOT, so redispersing via this route can not be shown.  
In contrast to scenario 5, scenario 3 persists even at high dilutions. Because of the 
strong electrostatic interaction, desorption of the surfactants is not observed. Only repeated 
washing by water and sonication leads to an opalescent supernatant plus precipitate, i.e. 
scenario 2 emerges.  
2.3.2 Deviations in highly-diluted dispersions – Measurement of 
electrical conductivity and pH 
As stated earlier, below a certain particle concentration, the dispersion stability shows 
random deviations from the predictions of the proposed model. Below this limit, no clear 
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boundary was found for the transition from scenario 2 to scenario 3 (γboehmite < 0.06 g/l) and 
for the transition from scenario 3 to scenario 4 (γboehmite < 0.09 g/l). These areas, which could 
not be clearly assigned, are shown in striped patterns of the colours of the neighbouring 
scenarios (see Figure 2.1). In both areas, the optical appearances of the adjacent scenarios 
were found without direct correlation to the experimental parameters. 
To gain more insight into the boehmite dispersions at high dilution, concentration 
dependent measurements of the electrical conductivity and the pH value were conducted 
(Figure 2.2). 
 
 
Figure 2.2: Concentration-dependent measurements of the electrical conductivity and the pH of 
aqueous boehmite-dispersions. The values for distilled water (σ ≈ 8.5 µS/cm; pH ≈ 6.6) are displayed 
as light bars. 
A concentration dependent measurement of the pH (mass titration)30,31 is used to 
estimate the point of zero charge (pzc) of Dispal 23N4-80, which was found to be at pH ≈ 4.2 
(Figure 2.2). The pzc of aluminium oxides and hydroxides is generally at pH 8-9.30,32,33 The 
product data sheet states that Dispal 23N4-80 contains small amounts of nitrate as an 
impurity.22 The mass titration indicates this to be nitric acid, due to the low pH value. The 
presence of nitric acid as well as various alumina species such as Al(OH)2+ or Al(OH)2+, 
which come off the boehmite surface in slightly acidic pH regions,34,35 contribute to the 
increase in the electrical conductivity on increasing γboehmite as shown in Figure 2.2, while the 
conductivity at constant γboehmite does not change over the course of several months. Distilled 
water shows a pH of approximately 6.6 with a fluctuation of ±0.05, which is displayed as a 
light bar in Figure 2.2. 
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In highly-diluted boehmite-dispersions up to concentrations of γboehmite ≈ 0.06 g/l, the 
conductivity stays rather constant and does not differ from that of distilled water (σ ≈ 
8.5 µS/cm with a fluctuation of ±0.3 µS/cm, displayed as a light bar in Figure 2.2). In the 
range of 0.06-0.09 g/l, the conductivity starts to deviate form that of distilled water. Likewise, 
at γboehmite < 0.06 g/l, the pH of the dispersions is rather constant at approximately 6.6. From 
0.06 to 0.09 g/l, the pH value of the dispersions increases drastically and reaches a constant 
value of around 4.2 at high particle concentrations. 
In other words, the particle concentration interval of 0.06 to 0.09 g/l appears to be a 
limit, below which fluctuations in the pH and conductivity of the distilled water depicted as 
light bars in Figure 2.2 mask the authentic electrolyte properties of the dispersion caused by 
the particles. This greatly affects the electrochemical properties and the zeta potential of the 
particles33 and thus the interaction with the surfactant molecules and in addition the dispersion 
stability. This in the end blurs the scenario boundaries. 
In contrast to previous studies on the colloidal stability in surfactant solutions, which 
are usually conducted at a constant electrolyte concentration, such additives were here omitted 
intentionally to probe for processes at low particle concentrations to fully explore the native 
system. 
2.3.3 Turbidity measurements 
Turbidity measurements were found to corroborate the visual experiments. 
Measurements of the turbidity 30 and 60 min after the addition of the reactants show similar 
values. Hence, a period of 30 min appears to be sufficient to determine the points of complete 
flocculation and beginning redispersion by means of turbidity measurements.  
Figure 2.3 shows the change in turbidity for 3 series at γboehmite = 0.21 g/l, 0.50 g/l, and 
0.71 g/l on increasing AOT concentration. 
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Figure 2.3: Turbidity measurements for 3 sets of experiments at γbohemite = 0.21 g/l (diamonds), 0.50 g/l 
(circles), and 0.71 g/l (squares) on increasing cAOT after stirring the dispersion for 30 min. The 
corresponding dispersion stability scenarios from Figure 2.1 are displayed at the top of the diagram. 
All samples were stirred during the measurement, which results in samples with 
precipitate appearing more turbid. All turbidity curves in Figure 2.3 show a very similar 
shape, independent of the particle concentration. The turbidity at low AOT concentration is 
rather low, since there is only little precipitate present (scenario 2). The transition from 
scenario 2 to scenario 3 is marked by a pronounced increase in turbidity, due to the complete 
precipitation of the particles. Scenario 3 appears as a plateau of high turbidity, with little 
change of the turbidity with concentration. Turbidity then decreases again, as soon as the 
redispersion begins (scenario 4). After complete redispersion, a low turbidity is observed 
again (scenario 5). 
The turbidity of scenario 5 is higher than that of scenario 2. This is most likely a 
consequence of the surfactant shell formed on the particle, which a) leads to a different 
scattering mechanism (now: core-shell particle) and b) probably results in a stronger 
scattering due to an increased particle diameter. 
Figure 2.3 shows a steep increase in turbidity for all 3 series as soon as scenario 3 
emerges. The cAOT at the onset of the turbidity increase is in complete agreement with the 
theoretical model and the experimental results in Figure 2.1. The turbidity within scenario 3 
stays rather constant at a high level and spans about one order of magnitude of cAOT as 
expected from Figure 2.1 for these particular γboehmite levels. According to Figure 2.1, the 
plateau should be shifted towards higher cAOT with increasing γboehmite. This is also observed in 
Figure 2.3, as the onset of the turbidity increase is shifted towards higher cAOT with 
increasing γboehmite. 
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To our knowledge, a concentration interval which leads to complete precipitation was 
not detected before with turbidity measurements. Rather, complete flocculation was only 
observed at a certain overall surfactant concentration csurfactant.16 
2.4 Conclusions 
We have shown that the dispersion stability of boehmite nanoparticles in aqueous 
AOT-solutions depends on the particle as well as the surfactant concentration. Five different 
dispersion-stability scenarios are found, that span the range from stable dispersions to 
complete flocculation and further to fully redispersed solutions. The transition from complete 
flocculation to fully redispersion can be reversibly induced by dilution or concentration of the 
sample. The position of two scenario boundaries, namely for complete precipitation and for 
beginning redispersion, could be fitted accurately by using a simple model based on an H-
type adsorption and including intrinsic physical properties of the particles and the surfactant. 
The boundaries of the dispersion stability were corroborated by turbidity measurements. 
The dispersion-stability diagram with the experimental parameters particle 
concentration and surfactant concentration is a universal approach to quickly gain a complete 
overview of particle/surfactant mixtures in solution. 
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2.5 Appendix: Nomenclature 
 
Variable Denotation Magnitude 
and/or unit 
Attribute of variable 
Aboehmite Surface area of boehmite 
particles: mboehmite · as,boehmite 
m2 Calculated (from 
experimental value) 
am,AOT Molar area of AOT 4.82 · 105 m2/mol From Ref. 23 
as,boehmite Specific surface area of 
boehmite particles 
222 m2/g From Sasol Product Quality 
Report, Lot number S-2291J 
cAOT Overall molar concentration of 
AOT: nAOT / V 
mol/l Experimental 
cfree Molar concentration of free 
AOT (not adsorbed) 
mol/l From literature (measured) 
or deducted from experiment 
mboehmite Mass of boehmite particles g Experimental 
nads Number of mols of adsorbed 
surfactant molecules 
mol Calculated (from theoretical 
value) 
nAOT Number of mols of AOT mol Experimental 
V Sample volume l Experimental 
Γtheo Absolute theoretical surface 
coverage 
mol/m2 Calculated (from 
experimental value) 
γboehmite Mass concentration of boehmite 
particles: mboehmite / V 
g/l Experimental 
Θsat Saturation coverage % Deducted from experiment 
Θtheo Relative theoretical surface 
coverage 
% Calculated (from 
experimental value) 
σ Electrical conductivity µS/cm Measured 
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Chapter 3: The colloidal stability of hydrophobic 
nanoparticles in ionic surfactant solutions: definition of 
the critical dispersion concentration 
3.1 Introduction 
The process of surfactant adsorption at solid-liquid interfaces is employed in a variety 
of industrial processes, such as detergency, mineral flotation, lubrication and paint 
technology.1,2 For hydrophilic surfaces, surfactant adsorption from aqueous solution occurs in 
a step-wise process. Initially, surfactant molecules are adsorbed head-on, driven by strong 
interactions such as electrostatic forces in the case of ionic surfactants and hydrogen bonding 
in the case of non-ionic surfactants. Both lead to the formation of self-assembled two-
dimensional surfactant aggregates. These may have the structure of monolayer-like 
assemblies or surface hemimicelles3 depending on the substrate and the surfactant, and render 
the surface hydrophobic. Further adsorption results in the tail-on deposition of surfactant 
molecules driven by van-der-Waals interactions. As a consequence, the polar head-groups 
point towards the aqueous solution and create a strong hydrophilic character on the surface. 
The surface self-assembly process on hydrophilic surfaces ultimately leads to an admicelle3 or 
a bilayer-like structure4,5 depending on the system studied. 
In contrast, surfactant adsorption on hydrophobic surfaces from aqueous solution lacks 
strong attractive forces, and only van-der-Waals interactions are active. In the ideal case, the 
surfactant molecules adsorb tail-on on the hydrophobic surface, and a dense self-assembled 
monolayer should form.6,7 However, depending on the substrate, the surfactant and the 
adsorption conditions, incomplete monolayers, hemimicellar or hemicylindrical structures can 
also be generated.8,9,10,11,12 Common to all these structures is the orientation of the surfactant 
heads towards the aqueous solution providing a newly-charged hydrophilic surface. 
For the adsorption on particle surfaces, changes in the surface polarity connected with 
surfactant self-assembly can in principle be employed to switch or enhance the dispersion 
stability in aqueous media. This has attracted considerable attention in the last 
decade.13,14,15,16,17 Surfactant-bilayer shells have been self-assembled on the surface of 
hydrophilic particles either during the synthesis of the particles or in a subsequent 
modification step. In the latter case, the influence of stepwise surfactant adsorption on the 
colloidal stability in water has been described to some extent.18,19,20,21,22,23 On increasing 
surfactant concentration, the stability sequence “dispersed – not dispersed/flocculated – 
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redispersed” is found. In contrast, for hydrophobic particles in aqueous surfactant solution, 
only the sequence “not dispersed – dispersed” is found on increasing surfactant concentration. 
However, the effects of tail-on surfactant adsorption on the dispersion stability of 
hydrophobic particles, mostly carbon black or graphite, have been scarcely studied.24,25,26,27 
For both systems, the question of how the surfactant chain length influences the ability to 
disperse colloids, is only rudimentary addressed.28,29,30 
Herein we present a detailed study of the colloidal stability of hydrophobic particles in 
aqueous ionic surfactant solutions spanning several orders of magnitude in concentration. Our 
test system consists of commercially available boehmite nanoparticles with hydrophobic 
coating,31,32 and a homologous series of n-alkyltrimethylammonium bromides. We show with 
straightforward analytical methods that the surfactants´ ability for surface assembly and with 
it to disperse colloids bears strong analogy to micelle formation. A critical dispersion 
concentration is introduced by which the self-assembling properties of a surfactant can be 
directly related to its dispersing properties. 
3.2 Materials and Methods 
3.2.1 Materials 
Disperal OS2, a hydrophobic nanocrystalline boehmite (cf. Appendix, Figure 3.5), 
was obtained from Sasol Germany GmbH.31 The hydrophobic character originates from 
branched alkylbenzenesulfonic acids (length of alkyl chain: 9 – 12) on the inorganic particle-
surface. Disperal OS2 is dispersible in toluene with a particle size of 130 nm and has a 
specific surface area of 256 m2/g (BET after 3 h at 600 °C).31 Decyltrimethylammonium 
bromide (C10TAB), tetradecyltrimethylammonium bromide (C14TAB), and hexadecyl-
trimethylammonium bromide (C16TAB) were purchased from Fluka. 
Dodecyltrimethylammonium bromide (C12TAB) was purchased from AppliChem. All 
surfactants had a purity of ≥ 98% and were used as received. 
3.2.2 Methods 
Nanoparticular dispersions of preset mass concentrations γboehmite and overall molar 
surfactant-concentrations cCnTAB were prepared by stirring mixtures of the dry powder in 
previously prepared aqueous n-alkyltrimethylammonium bromide solutions at room 
temperature (25 °C) for at least 12h. The dispersions were then allowed to stand for one day, 
after which the dispersion stability was checked by visual inspection. In order to avoid 
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crystallisation of C16TAB (Krafft temperature33 of 24.9 °C at 27 mM), higher concentrated 
C16TAB-samples with cC16TAB > 25 mM were studied at 30 °C. 
Particle distributions were determined by dynamic light-scattering using a Malvern 
Zetasizer Nano ZS. The particle size distribution reflects the scattering intensity. 
3.3 Results and Discussion 
3.3.1 Dispersion stability and adsorption model 
The results of the individual stability experiments were organised in dispersion 
stability diagrams (Figure 3.1) with cCnTAB and γboehmite as axes. Points of similar dispersion 
stability (as manifested in the optical appearance of the sample) were grouped to give stability 
regions. These diagrams provide a summary of the colloidal stability of the used nanoparticles 
in CnTAB surfactant solutions with respect to the particle mass concentration and the 
surfactant concentration.23 CnTAB surfactants with alkyl chains of 8 and shorter were not 
found to give stable dispersions at any particle or surfactant concentration, while those with 
chains longer than 16 were not studied due to their high Krafft temperatures. 
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Figure 3.1: Dispersion stability diagrams of hydrophobic in aqueous solution of cationic surfactants: 
C10TAB (A), C12TAB (B), C14TAB (C) and C16TAB (D). For reasons of clarity, the scale of Figure 
3.1A differs from the others. 
In total, six regions of different dispersion stability can be differentiated, which show 
different optical appearances. These stability regions can reversibly be accessed by 
dilution/concentration of the samples. However, not all regions are present in each stability 
diagram. The six regions are in the order of increasing cCnTAB: 
1. Instable region: Transparent solutions with precipitate (Figure 3.1, dark grey 
regions). At low values of cCnTAB/γboehmite, the number of tail-on adsorbed surfactant molecules 
is not sufficient to provide any dispersion of the hydrophobic particles. 
2. Intermediate region: Bluish opalescent to whitish opaque solutions with precipitate 
(Figure 3.1, medium grey regions). Here, the number of adsorbed surfactant molecules is 
large enough to provide partial dispersion of the hydrophobic particles. 
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3. Stable region: Bluish-opalescent to whitish opaque solutions without precipitate 
(Figure 3.1, light grey regions). A stable region with complete dispersion of the particles is 
observed at intermediate cCnTAB. Here, the particles are effectively coated with a self-
assembled monolayer6,7 of tail-on adsorbed surfactant molecules, which provides the colloidal 
stability. 
4. Region with 2 fluid phases (Figure 3.1, regions with horizontal stripes). Of the two 
phases, the lower one is bluish opalescent, while the upper one contains a white solid. The 
origin of this phase separation, which only occurs for C10TAB and C12TAB at high particle 
concentrations, is still under investigation. 
5. Region with homogenous gel-like samples (Figure 3.1, region with thick diagonal 
stripes). These regions are only found in the stability diagrams of C10TAB and C16TAB. They 
emerge in close proximity to large regions of increased sample viscosity, which are 
earmarked in Figure 3.1 by thin diagonal stripes. Due to the high particle and/or surfactant 
concentrations, supramolecular 3-dimensional network structures of self-assembled 
surfactants or particles or both may develop, which then facilitate gel formation. 
6. Instable region due to depletion flocculation (Figure 3.1, grey regions at high 
cCnTAB). Every dispersion stability diagram, except the one for C16TAB, exhibits an additional 
region of instability at high surfactant concentrations. Here, the supernatant can appear 
opaque, opalescent, or transparent. This region differs significantly from the regions with 
precipitate at low cCnTAB in two respects, namely the morphology of the precipitate and the 
rate of flocculation. On close examination, the precipitate is very fine and settles into a 
voluminous sometimes bluish translucent mass, while the precipitate found at lower cCnTAB 
appears as solid flocks (cf. Figure 3.6 [low cCnTAB precipitate] and Figure 3.7 [high cCnTAB 
precipitate] in the Appendix). This instability can be evidently assigned to depletion 
flocculation, which was originally described for the destabilising effect of non-adsorbing 
polymers on colloids,34 but was also postulated for micelles interacting with colloids in highly 
concentrated surfactant solution.35,36,37,38 In addition, while the appearance of the other 
samples at low cCnTAB does not change anymore after one day, the samples affected by 
depletion destabilisation continue to change their macroscopic appearance over days and 
weeks. For example, stable, bluish opalescent dispersions turn into whitish opaque samples, 
from which a fine precipitate starts to sediment in time. As a consequence, the transition from 
the stable region to depletion flocculation is rather fuzzy and is, therefore, illustrated as a 
greyscale gradient. For C16TAB, depletion flocculation is not observed, most likely due to the 
increased sample viscosity, which hampers the sedimentation of the agglomerated particles. 
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The boundaries between the regions deserve special attention. In every diagram, the 
boundary between the intermediate and the stable region levels off to constant cCnTAB when 
going towards low γboehmite. That is, the border line runs parallel to the γboehmite axis. The 
position of this parallel part shifts to lower surfactant concentrations on increasing surfactant 
chain length. The reason will be covered extensively in the section “transition from 
intermediate to stable at low γboehmite”. Since the concentration of beginning depletion 
flocculation stays approximately in the same order of magnitude, the stable region grows 
significantly larger with increasing n. 
For C12TAB to C16TAB, the borderlines between the instable and the intermediate 
region as well as the one between the intermediate and the stable region turn into parallel 
diagonals at moderate to high γboehmite. This becomes more pronounced on increasing n. The 
diagonals reflect a constant ratio cCnTAB / γboehmite. In other words, these parts of the boundaries 
are characterised by a constant amount of surfactant per mass of particles. Using the specific 
surface area as,boehmite of the particles (256 m2/g)31 and the molar area39 of CnTAB am,CnTAB,40 a 
relative theoretical surface coverage can be calculated according to: 
Θtheo = (am,CnTAB / as,boehmite) · (cCnTAB / γboehmite).23 Points with the same relative theoretical 
surface coverage Θtheo are depicted by hatched straight lines in Figure 3.1. The subscript 
“theo” indicates that the relative surface coverage is a theoretical value under the assumption 
of total surfactant adsorption. For the C14TAB and C16TAB systems, a calculation of the 
relative theoretical surface coverages associated with the linear parts of the boundaries results 
in Θtheo = 40% and Θtheo = 100%. An average value of Θtheo = 40% is apparently the criterion 
for the transition from the instable to the intermediate region, i.e. beginning dispersion, at 
high γboehmite. A dense monolayer of tail-on adsorbed surfactant molecules reflects a relative 
surface coverage of 100% and enables the transition from the intermediate to the stable 
region. The quantitative aspects of the boundary towards complete redispersion will be 
covered in the section “The transition from intermediate to stable at moderate to high 
γboehmite”. 
Similar theoretical considerations can be employed to some extent in the C12TAB 
system – the boundary between instable and intermediate runs along Θtheo = 50% – but not in 
the C10TAB system. The reason is that the linear part of the boundary is rather short in the 
C12TAB and the C10TAB system and runs into the gel-like region in the case of C10TAB. 
An attempt to assess the boundary to the region of depletion flocculation – arbitrarily 
defined as the occurrence of a precipitate 3 days after preparation of the dispersion – showed 
a shift from 300 mM for C10TAB to around 600 mM for C14TAB. That is, with increasing 
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surfactant chain length, the surfactant concentration required for depletion flocculation 
increases, which is in agreement with literature.36 The particle concentration has little 
influence on the position of this boundary, but higher particle concentrations tend to promote 
dispersion destabilisation.36,37 
3.3.2 Fine structure of stable region 
As mentioned above, the optical appearance of samples in the stable region varies 
from whitish opaque to bluish opalescent. At constant γboehmite, a rather sudden change in the 
optical appearance is observed along the surfactant concentration axis. The stable region starts 
with a whitish opaque appearance of the samples, which then changes to bluish opalescent. A 
magnification of this part of the dispersion stability diagram is shown for C12TAB in Figure 
3.2. At γboehmite = 1 g/l, the change in the optical appearance occurs between 13 mM (whitish 
opaque), 15.8 mM (whitish-bluish opalescent), and 18 mM (bluish opalescent). 
 
Figure 3.2: Magnification of the stable region in Figure 3.1B (C12TAB) indicating the appearance of 
the individual dispersion samples: whitish opaque (open squares), whitish-bluish opalescent 
(diamonds), and bluish opalescent (closed squares). The grey curve marks the transition from the 
intermediate region to the stable region. 
For a quantitative description of the optical appearances corresponding to Figure 3.2, 
the particle size distributions were recorded (see Figure 3.3). Bimodal size distributions with 
particle diameters of roughly 50 and 500 nm are found up to cC12TAB = 15.8 mM. At 18 mM, 
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the size distribution changes to monomodal with a maximum at around 50 nm. This 
maximum starts to shift gradually towards larger particle sizes beyond 100 mM, which can be 
seen as foreshadows of the beginning depletion destabilisation. These 3 stages – bimodal 
distribution, monomodal at 50 nm, and monomodal with continuously increasing particle size 
– were corroborated by Field Emission Scanning Electron Microscopy (cf. Appendix, Figure 
3.8–Figure 3.10). The transition from one characteristic particle size distribution to another 
including the change in the optical appearance can be reversibly effected by dilution and 
concentration of the samples. 
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Figure 3.3: Particle size distributions in the stable region of Figure 3.1B (C12TAB) at γboehmite = 1 g/l. 
The optical sample appearance is given in brackets. 
The change in appearance from whitish to bluish and the corresponding change in the 
particle size distribution can be interpreted as follows: The monomodal distribution around 
50 nm is assumed to be the limit of deagglomeration of the particles, which can be reached by 
simple stirring in surfactant solutions, since it is also observed in the other CnTAB systems 
(cf. Appendix, Figure 3.11–Figure 3.12). The occurrence of 50 nm particles in the bimodal 
distributions obtained at lower surfactant concentrations indicates that the fraction at larger 
particle sizes in the bimodal distribution consists of agglomerates of the 50 nm particles. The 
deagglomeration at higher cC12TAB associated with a decrease in particle size leads to the 
observed bluish opalescence of the samples. 
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A rather sudden change in the optical appearance from whitish to bluish is also 
observed along the particle concentration axis in this particular surfactant concentration 
interval. This is again caused by a change from mono- to bimodal size distribution. For all 
surfactant system, the transition from bi- to monomodal distribution shifts to higher surfactant 
concentration on increasing particle concentration (cf. Appendix, Figure 3.13–Figure 3.16, 
photographs of dispersions at higher γboehmite along with particle size distributions). However, 
this observation has to be clearly differentiated from the gradual change from bluish 
opalescent to whitish opaque and further to white turbid at rather high γboehmite, which is 
caused by multiple scattering.41 
In the C12TAB system at γboehmite = 1 g/l the transition from the bimodal to the 
monomodal distribution occurs at a surfactant concentration close to the cmc. Hence, a 
possible correlation of deagglomeration and micellisation needs to be considered. For that, the 
cmc was determined in the presence of boehmite nanoparticles by measuring the electrical 
conductivity of the dispersions (Appendix, Figure 3.17). The cmc values increase from 
15.7 mM at γboehmite = 1 g/l to 17.2 mM at 2 g/l to 18.5 mM at 3 g/l. Subtracting the theoretical 
amount of surfactant molecules adsorbed on the particles at these particle concentrations, the 
calculated critical micelle concentrations in dispersion (Appendix, Figure 3.17) fit fairly well 
to the cmc values determined in pure water in the absence of nanoparticles.42 
The correlation of these two observations on increasing γboehmite, namely the increase 
of the respective cC12TAB for the transition from bi- to monomodal particle size distribution 
and the increase of the cmc, raises the question, how micellisation contributes to the change 
in particle size distribution. Let us have a look at a system containing surfactant molecules 
and nanoparticles with a self-assembled surfactant shell. Below the cmc of the surfactant, an 
equilibrium between dissociated (free) counterions and counterions bound to the surfactant 
shell establishes. On increasing surfactant concentration, the total number of counterions 
increases, but the ratio of bound to free counterions stays constant. Above the cmc, an 
additional counterion equilibrium is in effect namely free and bound to micelles, e.g. for 
C12TAB above cmc, approximately 8 out of 10 counterions are bound to the micelles.43 Since 
the two equilibria are connected via the concentration of free counterions and the second 
equilibrium lies to the side of the micelles, the absorption↔desorption equilibrium is forced 
to counteract by releasing counterions from the surface. This leads to a higher ionisation 
degree of the surfactant layer on the particles and induces deagglomeration due to increased 
electrostatic repulsion. To the best of our knowledge, a deagglomeration mechanism, which is 
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driven by changes in the counterion concentration equilibria upon micellisation, is not known 
in literature. 
3.3.3 The transition from intermediate to stable at moderate to high 
γboehmite 
The border lines from intermediate to stable in all four CnTAB systems have a course 
similar to those found in the dispersion stability diagram of hydrophilic boehmite 
nanoparticles in aqueous anionic surfactant solution.23 The latter could be successfully 
described by a simple amount-balance model stating that the total amount of surfactant 
molecules in the dispersion consists of two fractions: one adsorbed on the particle surface 
assuming an H-type adsorption isotherm, the other free in solution. For the corresponding 
concentrations follows: 
freeadssurfact ccc +=         (3.1) 
Given that 
boehmite
surfactm
satboehmites
ads
a
a
c γΘ ⋅⋅=
,
,
       (3.2), 
which includes the specific surface area of the particles (as,boehmite) and the molar area 
of the surfactant (am,surfact), the position of two border lines in the dispersion stability diagram 
could be successfully fitted by applying Eq. (3.3):44 
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satboehmites
surfactm
borderfreesurfactboehmite
a
a
cc
Θ
γ
⋅
⋅−=
,
,
,
     (3.3) 
This way, the transition from one stability region to the other is characterised by only 
two theoretical values: cfree,border, the concentration of free surfactant molecules in solution on 
the particular border line, and Θsat, a relative saturation coverage up to which the surfactant 
adsorption on the particles proceeds. 
This adsorption model can be applied to the present systems (dotted lines in Figure 
3.1), by using the constant cCnTAB at very low γboehmite as cfree,border and Θtheo = 100% as Θsat. In 
the C10TAB dispersion system the boundary from the intermediate region to the stable region 
does not proceed along Θtheo = 100% at high particle concentration. However, by using this 
value along with 35 mM for cfree,border, the adsorption model matches accurately the 
experimentally determined border line up to γboehmite ≈ 45 g/l. A similar match is observed in 
the C12TAB system by using 5.6 mM as cfree,border aside from the small area of instability that 
extends into the stable region at high γboehmite. In the C14TAB and C16TAB systems using 
1.1 mM and 0.23 mM respectively, a good fit is only observed at low and high γboehmite, while 
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at moderate γboehmite considerable deviations are evident. Here, the adsorption model predicts 
an instability at concentrations where stable dispersions are found. These deviations are 
caused by the presence of agglomerates at moderate γboehmite and rather low cCnTAB (see above) 
and can be explained by introducing an “available surface area”, α, which is at low surfactant 
concentration lower than as,boehmite. Thus, α replaces as,boehmite in Eq. (3.2) and (3.3). 
According to Eq. (3.2), the available surface area is proportional to cads. Consequently, 
at constant cCnTAB, α directly influences cfree and with it the dispersion stability, since cfree is 
the decisive parameter for the dispersion stability.23 At low cCnTAB, α is assumed to be very 
low due to the agglomerated state, but it is assumed to increase up to as,boehmite (256 m2/g) as a 
result of deagglomeration. An attempt for a quantitative description of α is: 
( ) ( )
CnTAB
freeCnTAB
c
cc
gm
−
⋅−+= 0
2
0 /256 ααα       (3.4) 
with α0 being the initial value for the available surface area of the agglomerates at low 
cCnTAB. By replacing as,boehmite with α, Eq. (3.3) now fits the borderlines of C14TAB and 
C16TAB, provided a suitable value for α0 is used. However, the exact value of α0 cannot be 
determined, only its magnitude and any value between 20 and 50 m2/g provides a satisfactory 
fit. The circumstance that the concept of a changing available surface area can be used to 
adequately describe the borderline also at moderate γboehmite indicates the direct influence of 
the surface area on the dispersion stability. 
3.3.4 The transition from intermediate to stable at low γboehmite: definition 
of the critical dispersion concentration (cdc) 
Most notable in all four dispersion stability diagrams is that the boundary between the 
intermediate and the stable region runs at a constant cCnTAB at low particle concentration. This 
suggests that in contrast to higher particle concentration, the transition towards the stable 
region at low particle concentration is only characterised by a distinctive surfactant 
concentration, namely cfree,border, which derives from the adsorption model that led to Eq. (3.1). 
To compare different surfactant systems, such as different chain lengths, we introduce this 
concentration as the critical dispersion concentration (cdc), in analogy to the critical micelle 
concentration. The critical dispersion concentration marks just the point above which stable 
dispersions can be obtained at low γboehmite. 
The cdc values are shown in Table 3.1. Experimentally, the cdc is determined as the 
average of the last concentration leading to flocculent precipitate (intermediate region) and 
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the first concentration in the stable region. The concentration difference between these two 
points is taken as the experimental error of the cdc. 
 
Table 3.1: Comparison of critical micelle concentrations of CnTAB, the critical dispersion 
concentrations for aqueous Disperal OS2 dispersion in CnTAB solutions, and the ratio cdc / cmc. 
Surfactant chain length n cmc / mMa cdc / mM cdc / cmc 
10 67 35 ± 3 0.52 ± 0.04 
12 14.8 5.6 ± 0.5 0.38 ± 0.03 
14 3.7 1.1 ± 0.1 0.31 ± 0.03 
16 0.92 0.23 ± 0.02 0.25 ± 0.02 
a
 Values from Ref. 42 and converted to mmol/l. 
 
Since both surfactant adsorption on particle surfaces leading to dispersions and 
micellisation are processes of self-assembly and follow similar rules, it is interesting to 
compare the two critical concentrations quantitatively. The ratio cdc / cmc decreases from 
approximately 0.5 for C10 to 0.25 for C16 (see Table 3.1). In other words, long-chain 
surfactants are much more efficient in dispersing nanoparticles than their shorter homologues. 
The decadic logarithm of the critical dispersion concentration shows a linear 
dependence on the surfactant chain length n as shown in Figure 3.4. A similar dependence is 
well-established for the cmc, which is known as the Stauff-Klevens equation: 
log cmc = A + nB.45,46 This empirical correlation is based on the assumption that each 
additional methylen group of the surfactant tail adds a equal share to the free Gibbs enthalpy 
of micellisation. The latter is equal to log cmc.1 Apparently, the surfactant chain length has 
analogous influence on the critical dispersion concentration. 
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Figure 3.4: Correlation of the critical dispersion concentrations (cdc) extracted from Figure 3.1 and 
the cmc42 of the corresponding surfactants (triangles) with the surfactant alkyl chain length. 
In order to compare the newly introduced cdc and the trend of the ratio of cdc / cmc 
with surfactant chain length with literature, three measures can be quoted. Firstly, the critical 
hemimicelle concentration (hmc)27 or the critical aggregation concentration10 marks that point 
in the adsorption isotherm where a rapid increase in adsorption occurs, i.e. from here on small 
surfactant aggregates, also called hemimicelles, begin to form on the hydrophobic surface. 
The hmc is much smaller than the values determined in this work for the cdc. The ratio 
hmc / cmc shows qualitatively the same trend depending on the surfactant chain length as 
cdc / cmc, but the increase of hmc / cmc with decreasing chain length is much stronger than 
that of cdc / cmc.10 Secondly, the value cmc / c20 is known as a measure of a surfactant’s 
tendency to form micelles rather than to adsorb tail-on at the air-solution interface (with c20 
being the concentration at which the surface tension is reduced by 20 mN/m).1,47 For ionic 
surfactants, the cmc / c20 value stays rather constant with increasing chain length. Thirdly, the 
“sticking ratio” gives the rate of surfactant adsorption to the theoretical diffusion limited flux 
to the surface.48 For the adsorption on silica, the sticking ration is reported to increase steeply 
with surfactant chain length, from < 0.1 for C12TAB up to 1 for C16TAB, showing that 
hydrophobic interactions in the self-assembled layer step up drastically with surfactant chain 
length.49 Although both quoted measures connect the self-assembling properties of surfactants 
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to their adsorption behaviour, they do not describe the corresponding dispersion stability. In 
this respect, the newly introduced cdc and the ratio cdc / cmc directly correlate the 
surfactant’s self-assembly to its dispersing properties. Recently, the stability of quartz 
dispersions was studied with respect to the dependence on the chain length of the added 
cationic surfactant.30 Here, the dodecyl, the tetradecyl, and the hexadecyl chain were found to 
give stable dispersions at approximately the same cmc-normalised surfactant concentrations 
according to turbidity measurements. 
The critical dispersion concentration can also be used to explain why aqueous C8TAB 
solutions cannot be used to disperse the hydrophobic particles. The extrapolated cdc for 
C8TAB should be 173 mM, i.e., at low particle concentration stable dispersions should occur 
beyond 173 mM, but experiments prove the opposite. In contrast to C10TAB and C12TAB, 
C8TAB exhibits a broad micellisation interval in the range of 140–293 mM42,50,51 (cf. cmc 
determination by electrical conductivity measurements in Appendix, Figure 3.18–Figure 
3.21). This coincides with the cdc so that for C8TAB cdc / cmc ≈ 0.6–1.2, while for C10TAB 
and C12TAB cdc / cmc ≤ 0.5. Consequently, a critical cdc / cmc ratio can be postulated, above 
which surfactants are not able to disperse nanoparticles. 
3.4 Conclusions 
We have shown using 4 dispersion stability diagrams spanning several orders of 
magnitude in particle and surfactant concentration how n-alkyltrimethylammonium bromides 
of different surfactant chain length (n = 10–16) facilitate the dispersion of hydrophobic 
boehmite nanoparticles in aqueous solutions. On increasing both cCnTAB and the relative 
theoretical surface coverage, stable dispersions are obtained by tail-on surfactant adsorption 
leading to the formation of self-assembled monolayers on the particle surface. In the region of 
colloidal stability, an additional deagglomeration process from bimodal to monomodal 
particle-size distribution was found. This is induced by the desorption of counterions from the 
surfactant layer due to changes in the counterion concentration balance upon micellisation. At 
low γboehmite, the border line towards the stable region was found to run at constant cCnTAB in 
each dispersion stability diagram. This value was introduced as the critical dispersion 
concentration (cdc) indicating the minimum amount of surfactant necessary to disperse the 
hydrophobic particles. The logarithm of the cdc shows a linear dependence on n analogous to 
the cmc. The decrease of cdc / cmc with increasing n demonstrates that long chain surfactants 
disperse much more efficiently than their lower homologous. The concept of the cdc is an 
advancement for the understanding of surfactants as dispersing agents, since the ratio 
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cdc / cmc relates self-assembly to dispersing properties. The existence of a critical cdc / cmc 
ratio is proposed, as C8TAB does not yield stable dispersions and its cdc / cmc ratio is much 
higher than the ratios of the higher homologous. Such a critical ratio is supposed for every 
homologous series of surfactants indicating the cut-off point in the ability to disperse colloids. 
The concept of a cdc should also apply for the dispersion of hydrophilic nanoparticles in 
oppositely charged ionic surfactant solution. 
3.5 Appendix 
Electron micrographs were recorded on a Hitachi S-4800 FE-SEM. 
3.5.1 Disperal OS2 as received 
 
Figure 3.5: The dry, as received Disperal OS2 powder shows irregularly shaped agglomerates in the 
range of 2 to 20 µm. 
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3.5.2 Precipitates from instable C12TAB dispersions (Light microscopy) 
 
Figure 3.6: The precipitate at γboehmite = 7.6 g/l and cC14TAB = 4.6 mM shows irregularly shaped 
particles in the size of 30 to 200 µm. Particles in this size range form a rather flocculent precipitate 
due to hydrophobic flocculation at low surfactant concentration. Hence, when suspended in diluted 
aqueous surfactant solution, the agglomerate size may have increase in comparison to the dry powder 
(cf. Figure 3.5). 
 
Figure 3.7: The precipitate at γboehmite = 10 g/l and cC12TAB = 407 mM shows rather uniform particles in 
the range of 1 µm. Particles in this size range form a rather fine sediment due to depletion flocculation 
at high surfactant concentration. 
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3.5.3 Electron micrographs of particles in stable dispersions 
Sample preparation: A small drop of the stable dispersion was dripped on a hot 
FESEM object plate. 
Low surfactant concentration: 
 
 
 
Figure 3.8: A stable whitish opaque dispersion at γboehmite = 1.9 g/l and cC12TAB = 18 mM. A: FESEM 
micrograph. Irregularly shaped particles in two size ranges can be found: 30 to 80 nm as well as 250 to 
500 nm. For the bigger particles, an agglomerate structure is clearly observed. B: Particle size 
distribution determined by dynamic light scattering. In this bimodal distribution, two particles sizes 
prevail: around 50 nm as well as around 350 nm. 
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Moderately high surfactant concentration: 
 
 
 
Figure 3.9: A stable bluish opalescent dispersion at γboehmite = 2.0 g/l and cC12TAB = 68 mM. A: FESEM 
micrograph. Irregularly shaped particles in the size of 30 to 100 nm can be found. B: Particle size 
distribution determined by dynamic light scattering. The monomodal distribution shows an average 
particle size of 50 nm. 
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High surfactant concentration: 
 
 
 
Figure 3.10: A whitish opaque dispersion at γboehmite = 2.0 g/l and cC12TAB = 604 mM directly after 
dispersing. When not stirred any more, the dispersion sample becomes instable due to depletion 
flocculation and starts to sediment over the course of days (cf. Figure 3.7). A: FESEM micrograph. 
The particles in the micrograph are of irregular shape and in the size ranch of around 1 µm and clearly 
have an agglomerate structure, i.e. they are composed of much smaller particles. B: Particle size 
distribution determined by dynamic light scattering. The monomodal distribution shows an average 
particle size of 1 µm. 
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3.5.4 Particle size distributions and optical sample appearances of 
C10TAB and C16TAB dispersions 
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Figure 3.11: Particle size distributions determined by dynamic light scattering of dispersions at 
γboehmite = 1 g/l and varying cC10TAB. The findings of C12TAB are supported by C10TAB.  At low cC10TAB, 
the distribution is bimodal with approximate particle sizes of 50 and 500 nm (optical sample 
appearance: whitish opaque). From 60 mM on, the bigger agglomerates are broken up yielding in a 
monomodal distribution of ~50 nm particles (optical sample appearance: bluish opalescent). With 
increasing cC10TAB, the size distribution stays monomodal, but the particle diameter is rising. Here, the 
particles agglomerate due to a depletion mechanism. The optical sample appearance changes gradually 
towards whitish opaque, and the dispersions become instable. Both are occurring on increased cC10TAB 
as well as on increased storage time after dispersion.  
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Figure 3.12: Particle size distributions determined by dynamic light scattering of dispersions at 
γboehmite = 1 g/l and varying cC16TAB. As for the C12TAB system, the distribution is bimodal at low 
cC16TAB (optical sample appearance: whitish opaque) and changes to monomodal at higher cC16TAB 
(bluish opalescent samples). 
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3.5.5 Particle size distributions and optical sample appearances of 
C12TAB dispersion at higher γboehmite 
 
Figure 3.13: Photograph of dispersions at constant γboehmite = 2 g/l and different C12TAB 
concentrations. Optical sample appearances: 0.99 mM: precipitate and transparent supernatant, 4.1 to 
6.0 mM: precipitate and opalescent to opaque supernatant, 9.0 to 17 mM: whitish opaque solution, 
20 mM: whitish-bluish opalescent solution, from 25 mM on: bluish opalescent solution. 
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Figure 3.14: Particle size distributions determined by dynamic light scattering of dispersions at 
γboehmite = 2 g/l and varying cC12TAB: 10.0 mM (optical sample appearance: whitish opaque, closed 
squares), 17.5 mM (whitish opaque, closed triangles), 20.0 mM (whitish-bluish opalescent, closed 
diamonds), 49.6 mM (bluish opalescent, open squares), and 200 mM (bluish opalescent, open 
triangles). 
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Figure 3.15: Photograph of dispersions at constant γboehmite = 3 g/l and different C12TAB 
concentrations. Optical sample appearances: 0.99 mM: precipitate and transparent supernatant, 4.1 to 
6.0 mM: precipitate and opalescent to opaque supernatant, 9.0 to 20 mM: whitish opaque solution, 
from 25 mM on: bluish opalescent solution. 
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Figure 3.16: Particle size distribution determined by dynamic light scattering of a dispersion at γboehmite 
= 3 g/l and cC12TAB = 20 mM, optical sample appearance: whitish opaque. 
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3.5.6 Electrical conductivity measurements for the determination of the 
cmc in surfactant solution and in dispersion 
Critical micelle concentrations in aqueous solution were determined by the 
measurement of the electrical conductivity σ. The conductivity values are plotted against the 
surfactant concentration and fitted with two straight lines whose intersection point is assigned 
to the cmc.52 The electrical conductivity was measured with a Mettler Toledo conductometer 
“Sevenmulti”. 
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Figure 3.17: Electrical conductivity of aqueous dispersions as a function of cC12TAB. The dispersions 
have different particle concentration: 1 g/l (open triangles, lines of best fit:               ), 2 g/l (open 
diamonds,           ), and 3 g/l (open squares, - - - -). The arrows illustrate the critical micelle 
concentrations as determined by the intersections of the lines of best fit. As the change in the 
conductivity-concentration slope was gradual in the region of the cmc, not every measuring point was 
fitted to a straight line. The cmc values in dispersion are determined as follows: 15.7 mM for 
γboehmite = 1 g/l, 17.2 mM for 2 g/l, and 18.3 mM for 3 g/l. However, it should be clearly stated that this 
method is associated with an error, because the intersection strongly depends on how many data points 
are included in each fit. 
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To estimate the cmc in particle dispersions, it is assumed that the adsorbed surfactant molecules do not 
take part in the micellisation equilibrium, and the presence of nanoparticles does not further affect the 
micellisation process.23 In dispersions, the cmc is expressed as a total surfactant concentration. For 
γboehmite = 1 g/l and assuming 100% adsorption, the concentration of adsorbed surfactant molecules 
should be 0.83 mM, and consequently the cmc in dispersions should be increased by 0.83 mM for each 
additional gram of particles per litre. The estimated value agrees almost perfectly with the 
experimentally determined cmc for γboehmite = 1 g/l. At higher particle concentrations, there are 
deviations. However, it should be considered that the experimental cmc determination in dispersion is 
connected with a noticeable error, so as like in Figure 3.18 and Figure 3.21, the electrical 
conductivity reveals a distinctly broadened micellisation concentration interval. 
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Figure 3.18: Electrical conductivity of aqueous C8TAB solutions in dependence of cC8TAB. The cmc 
was determined as the intersection of the two lines of best fit to 231 mM while the two points at 207 
and 257 mM were not considered for the fit. 
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Figure 3.19: Electrical conductivity of aqueous C10TAB solutions in dependence of cC10TAB. The cmc 
was determined as the intersection of the two lines of best fit to 63.6 mM considering all points. The 
obtained cmc value is in accordance to the literature value of 67 mM.42 
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Figure 3.20: Electrical conductivity of aqueous C12TAB solutions in dependence of cC12TAB. The cmc 
was determined as the intersection of the two lines of best fit to 14.9 mM considering all points. The 
obtained cmc value is in good accordance to the literature value of 14.8 mM.42 
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3.5.7 Applying the cdc concept to explain why C8TAB is not able to 
disperse the hydrophobic boehmite particles 
In order to elucidate, why the particles cannot be dispersed in C8TAB solution, the 
cmc of C8TAB, C10TAB and C12TAB was determined by measuring the electrical 
conductivity (cf. Figure 3.18–Figure 3.20). While for C10TAB and C12TAB, micellisation 
occurs in a very narrow concentration interval, i.e. the change of the slope dσ/dc is rather 
abrupt, the slope dσ/dc for C8TAB changes only gradually to smaller values at higher cC8TAB. 
Thus, for C8TAB, micellisation occurs in a broad interval, roughly ranging from 160 to 
300 mM. Literature supports these findings as the reported cmc values for C8TAB scatter in 
the range of 140–293 mM.42,50,51 A similarly broad interval is observed for the micellisation 
of C8TAB in the presence of particles (cf. Figure 3.21). Thus, for C8TAB, the extrapolated 
cdc value coincides with the broad micellisation interval, while from C10TAB on, the cdc is 
significantly lower than the sharply defined cmc. For the higher CnTAB homologous of n ≥ 
10, cdc / cmc is ≤ 0.5, while for C8TAB cdc / cmc ratios calculate to 0.6–1.2. Hence, a critical 
cdc / cmc ratio can be envisioned, above which surfactants are not able to disperse 
nanoparticles. However, this critical ratio can not be determined accurately in the present 
system, due to the large micellisation interval of C8TAB, but is proposed to be at 
cdc / cmc > 0.5. 
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Figure 3.21: Electrical conductivity of aqueous Disperal OS2-C8TAB dispersions in dependence of 
cC8TAB. The cmc was determined as the intersection of the two lines of best fit to 231 mM while the 
two points at 207 and 257 mM were not considered for the fit. 
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Chapter 4: Temperature-dependent colloidal stability of 
hydrophobic nanoparticles caused by surfactant 
adsorption/desorption and depletion flocculation 
4.1 Introduction 
Core-shell nanoparticles are clearly structured assemblies with distinct concentric 
nanometer-sized domains of different chemistry. These arrangements open up the possibility 
for new, tailor-made properties and, thus, core-shell nanoparticles have seen increasing 
interest over the last decade.1,2,3 Besides protection of the core, alteration of the particle charge 
or polarity, and enhancement of surface reactivity, interest in such structures arises from the 
fact that the core-shell architecture is intimately connected with functionality. Especially 
organic shells are an indispensable part for stimuli-responsive, so-called “smart” materials. 
The stimuli can be light4, heat5,6,7, and/or properties of the dispersing medium such as pH8,9, 
solvent polarity10, or ionic strength11. This renders these particles to be potentially interesting 
for biomedical and industrial applications.12 Often, the response to a stimulus causes a change 
in the supramolecular structure of the shell, which can then lead to a change in the surface 
polarity of the assembly. Consequently, when applied to dispersions, such stimuli directly 
affect the colloidal stability.4,6,7,8,9 A sudden stability alteration results in a change of the 
sample‘s appearance from transparent to turbid, and the sample can act like an optical switch. 
Among the core-shell nanoparticles, those with self-assembled surfactant mono and 
bilayer shells are of particular interest, due to the increased dispersion stability of such 
particles in aqueous media.13,14,15,16,17,18 The mono or bilayer shells can be assembled either 
during synthesis of the particles or in a subsequent modification step. Yet, the properties and 
the stability of these self-assembled surfactant structures on particle surfaces have not been 
fully explored. For a particular mono or bilayer, surfactant-coated nanoparticle, the room 
temperature stability of the self-assembled shell depends on the surfactant 
concentration19,20,21,22,23,24,25 and low concentrations lead to colloidal instability. On the other 
hand, the stability of self-assembled structures, e.g. micelles, also depends on the temperature. 
In particular, the critical micelle concentration (cmc) of ionic surfactants increases 
significantly with temperature.26,27,28 
The question thus arises, how the thermal behaviour of ionic surfactants translates to 
nanoparticle dispersions stabilised by them. For hydrophobic silica particles coated with non-
ionic surfactants, a loss of the dispersion stability in aqueous media is observed upon 
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increasing temperature. This is a result of the lower critical solution-temperature of the 
ethylene-oxide block, which becomes insoluble at higher temperatures and results in 
sedimentation of the particles.6 However, the self-assembled surfactant shell remains intact. 
We have recently reported on the dispersion stability of hydrophobic boehmite 
nanoparticles with ionic surfactant shells.25 In aqueous solution at room temperature, two 
mechanisms were found leading to colloidal instability: hydrophobic flocculation at low 
surfactant concentrations and depletion flocculation at high concentrations. Herein we use this 
particle-surfactant system to study colloidal stabilities at high temperature. We present a 
conceptually new approach to affect the colloidal stability using thermoresponsive core-shell 
nanoparticles. Our concept is based on the thermal disintegration of the self-assembled, ionic 
surfactant-shell, which is held together by weak hydrophobic interactions. It is shown, that 
besides thermal disintegration of the surfactant shell depletion effects are also found at high 
temperature. 
4.2 Materials and Methods 
4.2.1 Materials 
Disperal OS225 is a hydrophobic, nanocrystalline boehmite with branched 
alkylbenzenesulfonic acid molecules (length of alkyl chain: 9–12) on the surface of the 
inorganic particle and a specific surface area of 256 m2/g (BET after 3 h at 600 °C).29 
Dodecyltrimethylammonium bromide (C12TAB, ≥98%) was purchased from AppliChem and 
used as received. 
4.2.2 Methods 
The dry particles were dispersed at a particle concentration of 1.0 g/l in previously 
prepared aqueous dodecyltrimethylammonium bromide solutions (with total surfactant 
concentrations of cC12TAB) by stirring overnight at room temperature. Bluish opalescent to 
whitish opaque dispersions were obtained. 
In order to test the colloidal stability at elevated temperatures, 10 ml of the sample 
were heated in a sealed, thermo-controlled stainless steel vessel while stirring. In order to 
measure the light intensity transmitted through the sample, a white superbright LED and a 
light-intensity sensor (TSL250R, Texas Advanced Optoelectronic Solutions Inc.) were used. 
One thermoelement type K was attached to the body of the stainless steel vessel in order to 
control the heating process. A second thermoelement was in direct contact with the sample 
solution to record the temperature of the dispersion and the transmitted light intensity 
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simultaneously. Additionally, the optical appearance of the samples, such as the presence of a 
precipitate, was checked visually during the experiments. 
Dynamic light-scattering was recorded on a Malvern Zetasizer Nano ZS. The particle-
size distribution reflects the scattering intensity. 
Critical micelle concentrations in aqueous solution were determined by measuring the 
electrical conductivity using a Mettler Toledo “Sevenmulti” conductometer. The conductivity 
is plotted against the surfactant concentration and fitted with two straight lines whose 
intersection point is assigned as the cmc.30 
4.3 Results and Discussion 
The hydrophobic boehmite nanoparticles are easily dispersed in C12TAB solutions, 
since the surfactant molecules adsorb tail-on on the particle surface. This results in the 
formation of a charged, self-assembled shell – ideally a surfactant monolayer – and provides 
the required dispersion stability at room temperature. 
4.3.1 Light-intensity measurements at high temperature 
The colloidal stability of the prepared dispersions during heating was monitored by 
turbidity measurements. The measured absolute transmitted light-intensity values depend on a 
number of factors and, thus, vary slightly from one experiment to the next. In order to 
compare the temperature-dependent behaviour of dispersions, a normalised light-intensity was 
calculated as I(T)/Imax, with Imax being the highest intensity value in the particular 
measurement, and plotted against the temperature (Figure 4.1). 
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Figure 4.1: A: Assignment of characteristic temperatures of colloidal stability upon heating by means 
of a typical light intensity curve. C–D: Normalised transmitted light intensity during the heating of 
boehmite nanoparticles in aqueous C12TAB solution. 
Figure 4.1A shows a typical curve together with the characteristic temperatures that 
can be extracted from it. Tonset, Tturn, and Tendset can be calculated from all experimental curves, 
while Tbend occurs only in a certain concentration interval. All these temperatures except for 
Tturn are determined as the intersection of straight lines fitted by linear regression to the 
intensity values before and after the intensity decay. Tturn is the temperature in the very middle 
of the intensity decay. It is determined as being the turning point of a sigmoidal Boltzmann 
function fitted to the large intensity decay. All samples under investigation show a decrease of 
the normalised light intensity to < 0.3 at elevated temperatures. The presence of a flocculent 
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precipitate is evidence of a dispersion breakdown and results in low light intensities at high 
temperatures. In contrast, high intensity values indicate stable dispersions. 
The C12TAB concentration interval under investigation started at 7 mM, which is just 
above the transition from instable to stable dispersion at a particle concentration of 1.0 g/l.25 
The highest cC12TAB was 500 mM, at which clear indications of the beginning of a depletion 
destabilisation could be observed at room temperature.25 Based on certain curve features, e.g. 
an initial drop of the light intensity or a gentle light-intensity decay, the concentration ranges 
can be grouped into 3 cC12TAB intervals: 7.0–13 mM (Figure 4.1B), 16–55 mM (Figure 4.1C), 
and 60–500 mM (Figure 4.1D). 
From 7 to 55 mM, a continuous increase of the temperature of dispersion breakdown 
can be observed. From 16 to 41 mM, an initial, rather sharp intensity decrease prior to the 
dispersion breakdown occurs to which Tbend was assigned (Figure 4.1C). Up to 55 mM, the 
light intensity values of the flocculated dispersion are between 0.05 and 0.1 and stay almost 
constant with increasing temperature. In contrast, at 60 mM and beyond, the intensity values 
of the flocculated samples are found to be between 0.2 and 0.3 and continue to decrease 
slightly with increasing temperature, while the characteristic temperatures for dispersion 
breakdown decrease with increasing surfactant concentration (Figure 4.1D). Likewise, the 
decay of the transmitted light intensity begins to flatten considerably from 60 mM upwards 
indicating a less abrupt breakdown of the dispersions. The 500 mM dispersion is already 
whitish opaque at room temperature due to the beginning of a dispersion destabilisation. 
Hence, the light intensity values of the instable sample at elevated temperature are little higher 
than those of the dispersions at ≤ 250 mM. Figure 4.2 summarises the characteristic 
temperatures extracted from the light intensity curves in Figure 4.1B–Figure 4.1D. 
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Figure 4.2: Characteristic temperatures of colloidal stability determined from light intensity curves as 
a function of cC12TAB (: Tbend, : Tonset, ▲: Tturn, : Tendset). 
The temperatures assigned to the dispersion breakdown show a maximum at 60 mM 
(Tonset, Tturn) and 75 mM (Tendset). The difference ∆T = Tendset − Tonset can be used as a measure 
for the abruptness of the breakdown. It changes from 5.1 °C at 55 mM to 8.8 °C at 60 mM 
and 21 °C at 75 mM showing that the dispersion breakdown becomes less abrupt from 60 mM 
onwards. Tbend increases much faster with the surfactant concentration than the other 
temperatures. 
A dispersion breakdown at high temperature is also observed for hydrophilic boehmite 
nanoparticles in sodium bis(2-ethylhexyl) sulfosuccinate (AOT) solutions.22 Hence, this 
instability phenomenon should not limited to adsorbed surfactant monolayers, but rather 
applies to self-assembled surfactant shells in general, as the mentioned boehmite 
nanoparticles are coated with a AOT bilayer. 
4.3.2 Processes at Tbend 
Upon heating dispersions containing 16–41 mM C12TAB, an initial drop in the light 
intensity is observed prior to the actual dispersion breakdown. This temperature is assigned to 
Tbend. Visual inspections of the sample showed no precipitate in the interval Tbend < T < Tonset, 
and, thus, the decreased intensity may originate in a change of the dispersed particle size. 
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Dynamic light scattering measurements at cC12TAB = 18 mM (Tbend = 57 °C) showed a constant 
particle size of around 50 nm up to 55 °C (Figure 4.3). 
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Figure 4.3: Temperature-dependent particle-size distributions determined by dynamic light scattering 
in 18.0 mM aqueous C12TAB solution. 
At 60 °C, the scattering intensity of the fraction at 50 nm starts to decrease and a larger 
fraction appears. A T ≥ 65 °C, bimodal distributions with predominant particle sizes of 50 and 
500 nm are found. Thus, the decrease in light intensity at Tbend can be explained by the 
formation of larger agglomerates. 
A similar change in the particle-size distribution has previously been observed at room 
temperature.25 The stable region of the corresponding dispersion stability diagram of Disperal 
OS2 is divided into two subareas. Upon increasing the surfactant concentration, the particle-
size distribution changes at concentrations close to the cmc from bimodal (50 and 500 nm) to 
monomodal (50 nm). This was explained by desorption of the counterions from the self-
assembled surfactant shell, which is induced by changes in the counterion concentration 
balance upon micellization. 
Based on these findings, an explanation for the occurrence of Tbend at high temperature 
can be given. As the cmc of ionic surfactants increases with temperature, heating a micellar 
solution leads to the dissolution of micelles, and beyond a certain temperature no micelles 
should be present anymore. Following the discussion of the influence of micellization on 
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deagglomeration,25 the disappearance of micelles upon heating could induce agglomeration 
and could change the particle size distribution from monomodal to bimodal. Cmc 
measurements at higher temperatures, as shown in Figure 4.4, support this explanation. When 
swapping the temperature and concentration axes, this plot indicates the critical micelle 
temperature (cmt),31 which for a given concentration indicates the temperature at which 
micellization respectively demicellization occurs. 
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Figure 4.4: Comparison of Tbend () from Figure 4.2 to critical micelle temperatures determined in 
dispersion (▲), in pure surfactant solution (), and from literature28 (). 
The experimentally determined cmc values in pure surfactant solution at higher 
temperatures are in good accordance with literature.28 The cmt values determined in 
dispersion reproduce almost exactly the Tbend values. The occurrence of demicellization and 
particle agglomeration can be explained by a sudden concentration change of dissociated 
counterions. Since a large fraction of the surfactant counterions are bound to the micelles, the 
complete dissolution of the micelles upon heating causes a dramatic increase in the counterion 
concentration. The self-assembled surfactant layer on the particles to which non-dissociated 
counterions are also associated should counteract this concentration change by binding more 
counterions. This in turn leads to a lower degree of ionisation of the surfactant layer on the 
particles. The lower particle charge causes a decrease in the electrostatic stabilisation, which 
results in partial agglomeration giving rise to a bimodal particle-size distribution. This is the 
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reversal of the deagglomeration process from bi- to monomodal distribution upon increasing 
the surfactant concentration in boehmite dispersions at room temperature.25 
It has to be mentioned that the dispersion at 15.8 mM does not fully fit to the given 
explanation of Tbend, since this sample already comes with a bimodal particle-size distribution 
at room temperature.25 Particle-size measurements show an increase in the average particle 
size above Tbend, which upon further heating decreases again slightly. This behaviour 
correlates with the turbidity curve of 15.8 mM. 
The light intensity above Tbend increases again slightly prior to dispersion breakdown 
(Figure 4.1C) and an analogous increase can also be found at cC12TAB ≤ 13 mM (Figure 
4.1B). This could be explained by extrapolating from the increased degree of ionisation of the 
micelles at increasing temperature27,28,40 to the self-assembled ionic surfactant structure on the 
particle surface. With increasing temperature and in the absence of micelles, less and less 
counterions should be bound to the surfactant ions adsorbed on the particle surface leading to 
an enhanced electrostatic stabilisation of the particles. In the case of the bimodal particle-size 
distribution, the better stabilisation enables a partial breaking up of the 500 nm agglomerates. 
To some extent, this is, also seen in the dynamic light-scattering experiments in Figure 4.3. 
Here, the maximum of the 500 nm fraction shifts to slightly lower particle size when 
increasing the temperature from 75 to 85 °C. Additionally, the scattering decreases notably. 
Both observations lead to an increase in transmitted light-intensity with increasing 
temperature. 
4.3.3 High temperature dispersion breakdown induced by surfactant 
desorption and depletion destabilization 
Upon increasing the concentration, Tbend shifts to higher temperatures and coincides 
with Tonset at a concentration of approx. 50–60 mM. This can also be seen in Figure 4.2 as the 
extrapolated Tbend curve intersects the curve of Tonset in the given concentration interval. This 
means that, the process leading to a change in particle-size distribution coincides with the 
actual breakdown of the dispersion. Since Tbend ≈ cmt (vide supra), the intersection of Tbend 
and Tonset marks the concentration from where onwards the micelles are still present at 
dispersion breakdown. It is proposed that up to 55 mM, i.e. before Tbend and Tonset intersect, 
the dispersion breaks down by a disintegration of the self-assembled surfactant layer. This is 
driven by an increased solubility of the monomeric surfactant species with temperature, which 
results for example in the increase of the cmc with temperature. Due to the increased 
solubility with increasing temperature, surfactant molecules desorb gradually from the 
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particle surface; in other words, the absorption↔desorption equilibrium shifts to the right. 
The number of surfactant molecules adsorbed tail-on on the particles decreases, and the 
surface coverage falls at the temperature of dispersion breakdown (represented in Figure 4.5 
as TDB) below a minimum necessary for colloidal stability. As a consequence, the electrostatic 
stabilisation of the dispersion is lost, and the particles flocculate via hydrophobic interactions. 
As below 55 mM the absorption↔desorption equilibrium is crucial for colloidal stability, an 
increasing surfactant concentration should counteract surfactant desorption and lead to an 
increased temperature of dispersion breakdown. 
 
Figure 4.5: Schematic representation of the proposed dispersion breakdown mechanism via surfactant 
desorption and hydrophobic interaction (core and shell not to scale). For simplicity, the temperature of 
dispersion breakdown is displayed as TDB. 
However, since no information is given on the rate of surfactant desorption with 
temperature, a rather sudden desorption mechanism cannot be fully ruled out, in which the 
major fraction of the surfactant molecules is desorbed at TDB. As the self-assembled 
surfactant-layer covering the hydrophobic particles is held together by van-der-Waals 
interactions, a collapse of the shell should occur as soon as the thermal energy of the system 
exceeds a threshold value large enough to break up intermolecular cohesion in the shell. This 
would lead to a sudden disintegration of the shell, accompanied by desorption of the 
surfactant molecules and, thus, to a breakdown of the dispersion. In a recent study, a gradual 
removal of an ethoxylated stearylammonium stearate layer from a particle surface was 
proposed based on the observed large transition interval of 60 °C.32 In contrast, in the present 
case a dispersion breakdown interval of roughly 5 to 10 °C was observed, which would favour 
the sudden desorption mechanism. 
For surfactant concentrations exceeding 55 mM, i.e. at concentrations where micelles 
are still present at the temperature of dispersion breakdown, major changes in the light 
intensity curves are observed: i) a considerably flattened decay of the light intensity 
(increased ∆T), ii) a significantly increased light intensity value of the flocculated sample, and 
iii) a general decrease of the characteristic temperatures (except for Tendset in the 75 mM case, 
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which is due to a significant increase in ∆T with only a slight decrease in Tturn). This is 
ascribed to a fundamental change of the destabilisation mechanism at high temperatures from 
disintegration of the layer to depletion flocculation induced by the surfactant micelles.33,34,35,36 
The rather high intensity values of the depletion-flocculated dispersions are the result of the 
precipitate being less dense than it would be with disintegrated shells. This has previously 
been observed at room temperature, where the sediment of a boehmite dispersion flocculated 
by hydrophobic interaction (at low surfactant concentration) appears as white flocs, while the 
sediment of a depletion-flocculated dispersion (at high surfactant concentration) is 
voluminous and even bluish-translucent. 25 Additionally, the agglomerate size in the first case 
is much larger than in the second case. Further evidence for depletion flocculation comes 
from the properties of micelles at high temperatures. Upon increasing the temperature, the 
cmc of ionic surfactants increases,26,27,28,37 while the aggregation number of the micelles 
decreases.38 The first effect should decrease the absolute number of micelles, but the second 
effect should increase it. However, a straightforward estimation based on the cmc37 and 
micelle aggregation numbers38 of C12TAB reveals that already at concentrations as low as 
60 mM, more micelles are present at 50 °C than at 20 °C. Additionally, a lower aggregation 
number directly results in a smaller micelle diameter. An increased difference in size between 
the colloidal particle and the objects causing the destabilisation is known to promote depletion 
flocculation.39 Finally, the degree of ionisation of a micelle increases with temperature.27,28,40 
Since the electrostatic repulsion between micelles and particles of the same charge leads to 
the formation of a depletion zone, an enhanced ionisation of the micelles further promotes 
depletion flocculation.41 Finally, a higher surfactant concentration results in the presence of 
more micelles in solution, thus, depletion flocculation starts at lower temperatures with 
increasing surfactant concentration. 
4.4 Conclusions 
We have shown that dispersions of hydrophobic boehmite nanoparticles with adsorbed 
dodecyltrimethylammonium bromide (C12TAB) shells show a switch in their colloidal 
stability at elevated temperatures. The surfactant concentration was found to have a 
significant influence on the mechanim of dispersion breakdown. Up to concentrations where 
micelles dissolve before the dispersion breaks down (55 mM in the present case), the colloidal 
stability is controlled by the adsorption↔desorption equilibrium and breakdown proceeds by 
surfactant desorption. Since increasing the surfactant concentration shifts this equilibrium to 
the left, this increase results in an increased breakdown temperature. When micelles are still 
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present at the breakdown point the mechanism changes to one of depletion flocculation. Since 
increasing the surfactant concentration increases the number of micelles, an increasing 
surfactant concentration results in a decrease of the breakdown temperature for the system 
studied.  
The two presented models of high-temperature dispersion breakdown are 
fundamentally new contributions to the interaction of colloids and ionic surfactants. The 
principle of thermoresponsive colloidal stability can be straightforwardly transferred to other 
core materials leading to a new generation of smart core-shell nanoparticles with 
manifoldpotential applications in industry and biomedicine. As a first example, the presented 
dispersions can be used as thermo-optical switches and dimmers. 
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Chapter 5: Influence of surfactant chain length on the 
high-temperature surfactant desorption induced 
dispersion breakdown 
5.1 Introduction 
The adsorption of surfactants on surfaces and interfaces is of great importance and is 
employed in both everyday life and many industrial processes, e.g. in foods, cosmetics and 
mineral flotation. The adsorption of surfactants on the surface of nanoparticles can lead to an 
increased colloidal stability of the nanoparticles due to the formation of self-assembled 
surfactant bi- or monolayers.1,2 However, the desired dispersion stability is only reached 
above a certain surfactant concentration. For hydrophilic nanoparticles, the stability sequence 
“dispersed – not dispersed = flocculated – redispersed” is found on increasing surfactant 
concentration.3,4,5,6,7 For hydrophobic nanoparticles, only the transition not dispersed – 
dispersed is observed upon surfactant addition.8,9 
We have recently shown that dispersions of nanoparticles stabilised with ionic 
surfactants lose their colloidal stability at elevated temperature.10 This is caused by a 
disintegration of the self-assembled surfactant shell of the particle. Due to the increased 
desorption of surfactants with temperature, the surface coverage decreases. As soon as it 
drops below a certain limit, the particles flocculate via hydrophobic interactions. Since the 
adsorbed surfactant molecules are in equilibrium with free surfactant molecules in solution, 
the temperature of dispersion breakdown increases with increasing surfactant concentration. 
On the other hand, if the initial surfactant concentration is above the critical micelle 
concentration (cmc), the micelles will dissolve during heating at a particular temperature 
which is conventionally called critical micelle temperature (cmt) in accordance to the cmc. 
However, the cmt also increases with the surfactant concentration. If the conditions are such 
that the cmt increases faster with surfactant concentration than dispersion breakdown, both 
temperatures will be equal at a particular surfactant concentration. Beyond this concentration,  
micelles will be still present when the dispersion breaks down. As a result, the dispersion 
breakdown mechanism changes from surfactant desorption to depletion flocculation,10 a 
destabilising mechanism known to be induced by surfactant micelles at high surfactant 
concentration.11,12 Since an increasing surfactant concentration leads to a larger number of 
micelles, the temperature of dispersion breakdown decreases with increasing surfactant 
concentration. 
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The question now arises how differences in the surfactant structure influence the 
characteristics of the high-temperature dispersion breakdown of surfactant-coated 
nanoparticles, in particular the temperature of dispersion breakdown and the breakdown 
interval. An important structure related property is the surfactant chain-length, since it is well 
known to have major impact on the hydrophobic interactions between the surfactant 
molecules and thus on the extent of the interfacial and self-assembling activity of the 
surfactant. Examples include the value of the cmc13,14 or the performance as a dispersing 
agent, expressed in the critical dispersion concentration.9 Hence, it could be expected that the 
dispersion breakdown temperature depends strongly on the surfactant chain length. 
Herein we present a study on the high-temperature breakdown of dispersions 
containing hydrophobic boehmite nanoparticles in aqueous alkyltrimethylammonium bromide 
(CnTAB) solutions. The surfactant chain length interval under investigation comprises the 
even-numbered alkyl chains from decyl to hexadecyl. A normalisation of the surfactant 
concentration is applied in order to compare the influence of the surfactant chain length on the 
temperature of dispersion breakdown. 
5.2 Materials and Methods 
5.2.1 Materials 
Disperal OS2, obtained from Sasol Germany, is a hydrophobic, nanocrystalline 
boehmite with branched alkylbenzenesulfonic acid molecules (length of alkyl chain: 9–12) on 
the inorganic particle and a specific surface area of 256 m2/g (BET after 3 h at 600 °C).15 
Dispersed in a cationic surfactant solution well above the cmc, the particles have a size of 
approximately 50 nm (dynamic light-scattering).9 Decyltrimethylammonium bromide, 
tetradecyltrimethyl-ammonium bromide and hexadecyltrimethylammonium bromide were 
purchased from Fluka. Dodecyltrimethylammonium bromide was purchased from 
AppliChem. All surfactants had a purity of ≥98% and were used as received. 
5.2.2 Methods 
The dry particles were dispersed in aqueous alkyltrimethylammonium bromide 
solutions with total surfactant concentrations of cCnTAB. The particle concentration was 
adjusted to 1.0 mg/ml. Stirring overnight at room temperature lead to bluish-opalescent to 
whitish-opaque dispersions. Samples containing C16TAB were mixed at 30 °C to be clearly 
above the Krafft temperature, which is approximately 25 °C.16 
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To test the colloidal stability at elevated temperature, 10 ml of the sample were heated 
with a rate of 1 K/min in a sealed, thermo-controlled stainless steel vessel while stirring. In 
order to measure the light intensity transmitted through the sample, a white superbright LED 
and a light intensity sensor TSL250R (Texas Advanced Optoelectronic Solutions Inc.) were 
used. One thermoelement type K was attached to the body of the stainless steel vessel in order 
to control the heating process. A second thermoelement contacted the sample in order to 
record the temperature of the dispersion and the transmitted light intensity simultaneously. 
The absolute transmitted light intensity values vary slightly from one experiment to the next 
as these depend on a number of factors, e.g. the exact light intensity of the LED. Thus, a 
normalised light intensity was calculated as I(T)/Imax with Imax being the highest intensity-
value in the particular measurement. During the experiments, the optical appearance 
respectively the presence of a precipitate was inspected visually as a cross-check.  
5.3 Results and Discussion 
5.3.1 Influence of surfactant chain-length on the high temperature 
dispersion breakdown 
To study the influence of the surfactant chain length on the temperature of dispersion 
breakdown, hydrophobic boehmite particles were dispersed in CnTAB solutions. The 
surfactant concentration intervals of C10TAB to C16TAB under investigation were chosen 
according to the respective dispersion stability diagram.9 The lower surfactant concentration-
limit was given by the concentration above which stable dispersions could be obtained. The 
upper surfactant concentration-limit for C10TAB and C12TAB was set to the concentration at 
which depletion flocculation starts. For C14TAB and C16TAB, the upper limit was arbitrarily 
set to the 20-fold of the cmc,17 since here the concentration of beginning depletion 
flocculation was to high.9 The colloidal stability at high temperatures was then investigated by 
monitoring the turbidity of the samples while heating. Figure 5.1 shows the characteristic 
temperatures of the colloidal stability respectively dispersion breakdown for the particular 
surfactant chain length. These temperatures could be determined from characteristic points of 
the light intensity decay (see Appendix, Figure 5.6 for the assignment of the characteristic 
temperatures and Figure 5.7–Figure 5.17 for the full turbidity curves).10 
Influence of surfactant chain length on the high-temperature dispersion breakdown 
 106
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Characteristic temperatures of colloidal stability as determined from light intensity curves 
in dependence of cCnTAB (diamond: Tbend, circle: Tonset, triangle: Tturn, square: Tendset). In 1A: Dispersions 
at cC10TAB = 150 and 300 mM were studied in a pressurised vessel, which did not rely a steady and 
smooth stirring. 
All chain lengths show principally the same course of the characteristic temperatures. 
The temperatures assigned to dispersion breakdown (Tonset, Tturn, Tendset) increase up to a 
maximum with increasing surfactant concentration, then decrease again. The characteristic 
temperature Tbend is assigned to a rather sharp intensity decrease at relatively low 
temperatures. This is caused by the agglomeration of particles occurring simultaneously to the 
dissolution of the micelles.10 For all four surfactants, the increase of Tbend is found to be 
stronger than the increase of the dispersion breakdown temperatures. 
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Starting at low concentration, the increase of the dispersion breakdown temperatures 
correlates with the proposed dispersion breakdown due to increasing desorption of surfactants 
from the particle surface with temperature.10 Higher surfactant concentrations shift the 
adsorption↔desorption equilibrium to the left and, consequently, the dispersion breaks down 
at higher temperatures. After the maximum of the dispersion breakdown temperatures on 
increasing cCnTAB, C10TAB and C12TAB exhibit a rather steep decrease of Tonset, Tturn, and 
Tendset, while this appears less pronounced for C14TAB and C16TAB. For C12TAB, this 
maximum was assigned to the point where the mechanism of dispersion breakdown changes 
from surfactant desorption to depletion flocculation.10 Here, a higher surfactant concentration 
gives rise to more micelles, which facilitate depletion flocculation leading to lower dispersion 
breakdown temperatures. Apart from the decrease of the dispersion breakdown temperatures, 
a flattened intensity decay, expressed in an increased ∆T = Tendset − Tonset, and an increased 
light intensity of the flocculated sample (see Figure 5.1B and Appendix, Figure 5.9–Figure 
5.11) are features accounting for high temperature depletion flocculation of C12TAB 
dispersions.10 As these features apply also for the turbidity curves of C10TAB (increased ∆T  
after maximum of Tonset, see Figure 5.1A and Appendix, Figure 5.7–Figure 5.8), the 
dispersion breakdown at high C10TAB concentrations can be clearly assigned to high 
temperature depletion flocculation. However, the intensity decay of C14TAB and C16TAB 
does not flatten (see Figure 5.1C, Figure 5.1D and Appendix, Figure 5.12–Figure 5.17) 
with increasing surfactant concentration, and only occasionally an increased light intensity of 
the flocculated dispersion is observed (see Appendix, Figure 5.12–Figure 5.17). Thus, the 
little decrease of Tendset after the maximum of C14TAB and C16TAB cannot be definitely 
assigned to high temperature depletion flocculation. 
Furthermore, the extrapolated course of Tbend, i.e. the dissolution of micelles, overlaps 
with the course of the dispersion-breakdown temperatures for C10TAB and C12TAB, before 
they begin to fall (Figure 5.1A and Figure 5.1B). This can be interpreted with an enduring 
existence of micelles at higher concentration when the dispersion breaks down.10 For C14TAB 
and especially for C16TAB, the dispersion-breakdown temperatures already start to decrease 
at concentrations, at which micelles have dissolved prior to dispersion breakdown (Figure 
5.1C and Figure 5.1D). This is an additional reason why a depletion destabilisation induced 
dispersion breakdown is questionable for C14TAB and C16TAB. A declining efficiency of 
depletion flocculation with increasing surfactant chain length was already observed at room 
temperature, as the surfactant concentration of beginning depletion flocculation shifts to 
higher concentration with increasing surfactant chain length.9,11 
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The remarkable scattering of the dispersion-breakdown temperatures at C14TAB and 
C16TAB at higher concentrations (from 12 mM, Figure 5.1C, respectively 3 mM on, Figure 
5.1D) possibly originates from the experimental set-up. For these two surfactants, a 
pressurised vessel was used, which did not rely on a steady and smooth stirring. The 
movement of the stirring bar affected a significant noise in the light intensity (see Appendix, 
Figure 5.12–Figure 5.17). 
To compare the effect of surfactant chain-lengths on the dispersion breakdown, the 
characteristic temperature Tendset was plotted against cCnTAB for each system (Figure 5.2). 
Tendset marks the endpoint of the dispersion breakdown process and was chosen because Tonset 
could not be determined at low cC14TAB due to a pronounced dip in the light intensity curve 
prior to dispersion breakdown (see paragraph 5.3.2), but Tturn vs cCnTAB shows an analogous 
behaviour (see Appendix, Figure 5.18). 
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Figure 5.2: Tendset of the dispersion breakdown of boehmite nanoparticles in CnTAB solutions in 
dependence of cCnTAB. 
Figure 5.2 clearly shows that long chain surfactants lead to higher dispersion 
breakdown temperatures. This is most likely the result of a combination of two effects: the 
assembly of longer chains is associated with higher van-der-Waals forces as compared to 
shorter chains and, thus, more thermal energy is required to break these interactions. 
Additionally, shorter chains desorb more readily from the particle surface with increasing 
temperature than longer chains due to their faster increasing solubility with temperature, 
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reflected in larger d(cmc)/dT values of shorter chains.18,19 The concentration of the maximum 
dispersion breakdown temperature is shifted to higher surfactant concentration with 
decreasing chain length. This should be generally caused by an increase of the respective 
critical dispersion concentration (cdc) with decreasing surfactant chain length,9 that is to say 
the concentration interval which enables dispersion shifts to higher concentration. 
5.3.2 Attempt of a quantitative comparison of the surfactant chain-
lengths 
Since the dispersion-breakdown temperatures depend on the surfactant concentration, 
a quantitative comparison of the four surfactant systems concerning the surfactant chain-
length is not straightforward. Here, a normalisation of the surfactant concentration is required, 
such as normalising to the respective cmc17 (see Table 5.1 and Appendix, Figure 5.19–
Figure 5.20). However, the amount of surfactant molecules adsorbed on the particle surface 
reflected in cads needs to be considered. cads is approximately 0.83 mM per particle-
concentration increment of 1 g/l,9 and due to the large difference in the absolute values of the 
cmc17 – 67 mM of C10TAB and 0.92 mM of C16TAB – the adsorbed amount contributes a 
major part to the total amount for C16TAB and only a minor part for C10TAB. As a 
consequence, the adsorbed amount must be subtracted from the total amount, according to 
cfree = cCnTAB – cads with cCnTAB being the total surfactant concentration.7 In this amount 
balance model, cfree is the concentration of free surfactant molecules in solution, either 
monomolecular or in micelles. Figure 5.3 shows the Tendset values of the dispersion 
breakdown displayed against the ratio cfree / cmc (see Appendix for the respective Tturn values, 
Figure 5.21). 
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Figure 5.3: Tendset of the breakdown of boehmite nanoparticles in CnTAB solutions displayed against 
the ratio of cfree divided by the respective cmc. 
For the lowest concentrations of C14TAB and C16TAB, the course of the Tendset for a 
particular surfactant system changes remarkably in comparison to Figure 5.2, since here cads 
is a considerable fraction of cCnTAB. After the normalisation, the sequence of the Tendset 
maxima is reversed – the maximum temperature shifts to higher normalised concentration 
with increasing chain length. Especially for C10TAB and C12TAB, the reason for this could be 
that depletion flocculation starts at higher normalised concentration with increasing chain 
length.9 At cfree / cmc = 1 (hatched vertical line in Figure 5.3), the Tendset values for each chain 
length were found to be approximately equidistant on the temperature axis with an increase of 
the surfactant chain length by 2 C-atoms (see also Appendix, Figure 5.22). In order to 
corroborate this noticeable behaviour, turbidity measurements of dispersions at cfree / cmc = 1 
were repeated three times with independently prepared surfactant solutions. Figure 5.4 shows 
the light intensity curves of boehmite dispersions at cfree / cmc = 1 for C10TAB to C16TAB. 
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Figure 5.4: Normalised light intensity during the heating of boehmite nanoparticles in CnTAB 
solutions, respectively at surfactant concentrations cfree / cmc = 1.0. 
The initial sharp intensity decay at rather low temperatures assigned to Tbend is caused 
by a partial agglomeration induced by the dissolution of micelles. However, the pronounced 
dip in the curve prior to the dispersion breakdown for C14TAB and C16TAB is so far of 
unknown origin. The formation of a precipitate at these temperatures was excluded by visual 
inspection of the samples. It is assumed that agglomeration induced by temporary depletion 
destabilisation of particles of much different sizes is responsible for the light intensity 
changes of C14TAB and C16TAB dispersions. At a particle concentration of 1 g/l and at low 
concentrations of C14TAB and C16TAB (the conditions of Figure 5.4), the boehmite 
nanoparticles show a bimodal size distribution, centred around 50 nm and 500 nm.9 The 
fraction of larger size is supposed to consist of agglomerates of the 50 nm primary particles. 
The initial increase in the C14TAB and C16TAB light intensity curves (Figure 5.4) is probably 
caused by an increased ionisation degree of the adsorbed surfactant monolayer with 
temperature, which results in an enhanced electrostatic dispersion stabilisation.10 This leads to 
a partial agglomeration of the 500 nm fraction by depletion effects which require only the 
presence of colloidal objects of much different size repelling each other.20 The higher charge 
of both the 50 nm particles and the 500 nm agglomerates and the increasing number of 50 nm 
particles at the expense of the 500 nm agglomerates favours depletion stabilisation. The 
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formation of tertiary agglomerate structures leads to the abrupt decrease in light intensity. 
Another process on increasing temperature is the desorption of surfactant molecules, whose 
rate is believed to increase generally with temperature. This should lead to a decreased 
ionisation degree of the surfactant shell and to less charged particles with increasing 
temperature. As a consequence, the depletion destabilisation is diminished and the light 
intensity re-increases. Depletion flocculation as a highly reversible process21 is a plausible 
explanatory approach for the abrupt changes in light intensity prior to dispersion breakdown. 
The averaged values for Tendset and Tturn of the dispersion breakdown of boehmite 
nanoparticles in C10Tab to C16TAB solution are listed in Table 5.1. The plots of Tturn and of 
Tendset against the surfactant chain length n show linear correlations (see Figure 5.5). 
 
Table 5.1: Critical micelle concentrations of alkyltrimethylammonium bromides CnTAB with different 
chain length n and corresponding dispersion breakdown temperatures Tturn and Tendset of boehmite 
dispersions (average of three experiments per chain length). 
Surfactant chain length n cmc / mMa Tturn / °C Tendset / °C 
10 67 99.3 103.0 
12 14.8 122.5 126.2 
14 3.7 144.2 149.0 
16 0.92 162.5 169.0 
a
 See Ref. 17; values determined at 25 °C. 
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Figure 5.5: Tturn and Tendset of the dispersion breakdown of boehmite dispersions in dependence on the 
CnTAB alkyl chain length, respectively at surfactant concentrations cfree / cmc = 1.0. Here, the Tturn and 
Tendset values represent the average of three measurements per chain length. The corresponding 
standard deviations are displayed as error bars. 
For the linear dependence of the dispersion breakdown temperature on the surfactant 
chain length possible explanations can be given. An assembly that is held together by van-
der-Waals forces is expected to show increasing, yet equidistant breakdown-temperatures 
with increasing chain length, just as the boiling points of the C10 to C16 n-alkanes exhibit a 
linear dependence on the chain length. Additionally, for self-organised assemblies of ionic 
surfactants, linear correlations of physical quantities with the chain length are common. For 
example, the Klevens-Stauff equation reflects the linear dependence of the free enthalpy of 
micellisation on the chain length, ∆Gmic = (A + nB), where the term nB expresses the 
contribution of n CH2 groups.13,14,22 For the case of the current linear behaviour, the 
dispersion breakdown temperature is increased by 11.0 °C (Tendset) respectively by 10.6 °C 
(Tturn) per addition of a CH2 group. 
The question remains, why a linear dependence is observed for cfree / cmc = 1 on the 
normalised concentration axis, while other ratios do not show this linearity. A possible 
explanation is that cfree = cmc is a special ratio in the diagram in such a way that the 
concentration of surfactant molecules not associated in micelles is at a maximum, while the 
concentration of micelles is approximately zero. The absence of micelles in solution during 
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heating assures that the surfactant monomers concentration changes only slightly due to 
surfactant desorption from the particle, rather than substantially by micelles dissolving due to 
increasing cmc. 
5.4 Conclusions 
The length of the surfactant chain is the most crucial property which determines the 
surfactant’s interfacial and self-assembling behaviour and thus its ability to act as a dispersing 
agent. Regarding this, we have shown that the recently discovered dispersion breakdown of n-
alkyltrimethylammonium bromide coated boehmite nanoparticles at high temperature is 
influenced strongly by the surfactant chain-length. Long surfactant chains were found to give 
higher dispersion breakdown temperatures than short ones. On increasing surfactant 
concentration for C10TAB and C12TAB, the dispersion breakdown mechanism changes from 
surfactant desorption to high temperature depletion flocculation at the maximum of the 
dispersion breakdown temperature. For C14TAB and C16TAB, clear evidence for depletion 
flocculation is missing. 
As the dispersion breakdown temperature depends intrinsically on the surfactant 
concentration, the surfactant concentration was normalised to the respective cmc. For the 
much different absolute surfactant concentrations of C10TAB to C16TAB, only the 
concentration of not-adsorbed, thus free surfactant molecules in solution was divided by the 
cmc. At a normalised surfactant concentration of 1, the dispersion breakdown temperatures 
show a linear dependence on the surfactant chain length. This is acknowledged by empirical 
relations, e.g. the Klevens-Stauff equation and a very important issue for the application of 
such thermoresponsive surfactant-coated nanoparticles, e.g. in order to tailor surfactant-
particle systems with specific breakdown temperatures. 
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5.5 Appendix 
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Figure 5.6: Assignment of characteristic temperatures of colloidal stability on heating by means of a 
typical light intensity curve. 
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Figure 5.7: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C10TAB solution at low concentration. 
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Figure 5.8: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C10TAB solution at high concentration. Dispersions of concentrations 150 and 300 mM were studied 
in a pressurised vessel, which did not rely a steady and smooth stirring. 
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Figure 5.9: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C12TAB solution at low concentration. 
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Figure 5.10: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C12TAB solution at moderate concentration. 
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Figure 5.11: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C12TAB solution at high concentration. 
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Figure 5.12: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C14TAB solution at low concentration. The dispersions were studied in a pressurised vessel with an 
unsteady stirring only. 
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Figure 5.13: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C14TAB solution at moderate concentration. The dispersions were studied in a pressurised vessel with 
an unsteady stirring only. 
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Figure 5.14: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C14TAB solution at high concentration. The dispersions were studied in a pressurised vessel with an 
unsteady stirring only. 
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Figure 5.15: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C16TAB solution at low concentration. The dispersions were studied in a pressurised vessel with an 
unsteady stirring only. 
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Figure 5.16: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C16TAB solution at moderate concentration. The dispersions were studied in a pressurised vessel with 
an unsteady stirring only. 
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Figure 5.17: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C16TAB solution at high concentration. The dispersions were studied in a pressurised vessel with an 
unsteady stirring only. 
Chapter 5 
 121 
60
80
100
120
140
160
180
200
0.1 1 10 100 1000
c CnTAB / mM
T
tu
rn
 
/ °
C C16TAB
C14TAB
C12TAB
C10TAB
 
Figure 5.18: Tturn of the dispersion breakdown of boehmite nanoparticles in CnTAB solutions in 
dependence of cCnTAB. 
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Figure 5.19: Tendset of the dispersion breakdown of boehmite nanoparticles in CnTAB solutions 
displayed against the ratio cCnTAB / cmc. 
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Figure 5.20: Tturn of the dispersion breakdown of boehmite nanoparticles in CnTAB solutions 
displayed against the ratio cCnTAB / cmc. 
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Figure 5.21: Tturn of the breakdown of boehmite nanoparticles in CnTAB solutions displayed against 
the ratio of cfree divided by the respective cmc. 
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Figure 5.22: Tturn and Tendset of the dispersion breakdown of boehmite dispersions in dependence on the 
CnTAB alkyl chain length. The data is directly taken from Figure 5.3 at surfactant concentrations 
cfree / cmc = 1.0. 
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Chapter 6: Impact of nanoparticle concentration on the 
high-temperature dispersion breakdown of surfactant 
coated nanoparticles 
6.1 Introduction 
Adsorption of surfactants on particles’ surfaces is a well known tool to enhance the 
particles’ colloidal stability.1,2,3,4 For hydrophilic nanoparticles, surfactant adsorption leads in 
first approximation to the formation of a self-assembled bilayer.5,6,7,8 On the surface of 
hydrophobic nanoparticles, a self-assembled surfactant monolayer is formed.9,10,11,12 
Decisive for the colloidal stability is that the surfactant adsorption occurs tail-on, i.e. 
the surfactant heads point towards the aqueous solution. In general, ionic surfactants are 
dissociated in aqueous solution. So for the adsorption process, the dissociation/association 
equilibrium between the surfactant ion and its counterion has also to be considered, since the 
tail-on adsorption of only the surfactant ions on the nanoparticle surface would lead to a 
unrealistically high surface charge. The counterion dissociation equilibrium of self-assembled 
ionic-surfactants layers can be described by the concept of counterion condensation which is 
adopted from ionic surfactant micelles.13 The ionic head groups of the surfactant layer 
produce a high electric field which causes the association of counterions, while the high 
dielectric constant of water prevents the formation of ion pairs. Hence in a formal point of 
view, there are two fractions of counterions, some which are dissociated in solution and others 
which are associated to adsorbed surfactant molecules. For a micelle M of cationic surfactants 
S+A-, the micelle ionisation degree β can be quantified as the ratio of the micelle charge P to 
the micelle aggregation number NM, i.e. β = P/NM according to Eq. (6.1):14,15 
NM S+ MP++ (NM-P) A-
    (6.1). 
This equilibrium depends on the surfactant structure, the temperature, the ionic 
strength, etc. Following this concept, the corresponding ionisation degree of a self-assembled 
surfactant layer should be given by Eq. (6.2): 
dcac
dc
cc
c
+
=β
        (6.2), 
with cdc and cac being the theoretical concentrations of the dissociated respectively the 
associated counterions of the surfactant layer. Hence including counterion condensation, there 
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are two equilibria for the adsorption of ionic surfactants on nanoparticles, which determine 
the particle surface charge and thus the colloidal stability: surfactant ion 
adsorption/desorption as well as counterion association/dissociation. 
We have recently reported about the high-temperature dispersion breakdown of 
hydrophobic nanoparticles stabilised in ionic surfactant solution.16 The loss of colloidal 
stability is caused by the disintegration of the self-assembled surfactant shell due to surfactant 
desorption and flocculation of the particles by hydrophobic interactions. At constant particle 
concentration, we found that the temperature of dispersion breakdown increases with 
increasing surfactant concentration. This dependence addresses only the first equilibrium, 
surfactant ion adsorption/desorption. Since the sum of the concentrations of the dissociated 
and associated counterions of the self-assembled surfactant monolayer is equal to the 
concentration of adsorbed surfactant ions cads (Eq. (6.3)): 
adsdcac ccc =+          (6.3), 
it is proportional to the particle concentration.8,12 Hence, the study at constant particle 
concentration cannot give information on the influence of counterion dissociation/association, 
since based on a constant ionisation degree, the concentration of the counterions originated 
from this equilibrium is constant. In contrast to this, a variation of the particle concentration 
changes the concentration of dissociated/associated counterions, when keeping the surfactant 
concentration constant. This opens the way to study the influence of the counterion 
dissociation/association on the colloidal stability and more precisely on the temperature of 
dispersion breakdown. 
The loss of the colloidal stability of such dispersions at high temperatures raises the 
question, whether cooling down to room temperature could redisperse the samples again. As 
the dispersion breakdown temperature depends on the surfactant concentration,16 an influence 
on a possible redispersion process might be expected. Furthermore, not only the surfactant 
adsorption/desorption could affect redispersion, but also the counterion 
dissociation/association which should manifest itself in a dependence on the particle 
concentration. 
Herein we present a study on the influence of nanoparticle concentration on the high-
temperature dispersion breakdown of hydrophobic boehmite nanoparticles in cationic 
surfactant solution. We show how the temperature of colloidal instability changes upon 
variation of particle concentration and interpret this with changes in the surfactant counterions 
concentrations. We also reveal that the samples can be redispersed again upon cooling which 
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is shown to be decisively influenced by the counterion association/dissociation equilibrium, 
too. 
6.2 Materials and Methods 
6.2.1 Materials 
Disperal OS212 is a hydrophobic, nanocrystalline boehmite with branched 
alkylbenzenesulfonic acids (length of alkyl chain: 9–12) on the inorganic particle-surface and 
has a specific surface area of 256 m2/g (BET after 3 h at 600 °C).17 Dispersed in a cationic 
surfactant solution well above the cmc, the particles have a size of approximately 50 nm 
(dynamic light-scattering).12 Dodecyltrimethylammonium bromide (C12TAB, ≥98%) was 
purchased from AppliChem and Decyltrimethylammonium bromide (C10TAB, ≥98%) was 
purchased from Fluka. Both were used as received. 
6.2.2 Methods 
Dispersions with desired nanoparticle mass concentration, γboehmite, and total 
surfactant-concentration, cC12TAB, were obtained by adding the dry particles to previously 
prepared aqueous C12TAB solutions and stirring overnight at room temperature. Bluish 
opalescent to whitish opaque dispersion were obtained. 
For testing the colloidal stability at elevated temperatures, 10 ml of the sample were 
stirred and heated in a sealed, thermo-controlled stainless steel vessel. In order to measure the 
light intensity I transmitted through the sample, a white superbright LED and a light intensity 
sensor TSL250R (Texas Advanced Optoelectronic Solutions Inc.) were used. For reasons of 
reproducibility, a normalised transmitted light intensity was calculated as I(T)/Imax, where I(T) 
is the transmitted light intensity at temperature T and Imax is the maximum transmitted light 
intensity during heating and cooling. One thermoelement type K was attached to the body of 
the stainless steel vessel in order to control the heating process with a heating rate of 1 K/min. 
A second thermoelement contacted the sample in order to record the temperature of the 
dispersion simultaneously with the transmitted light intensity. During the experiments, the 
optical appearance respectively the presence of a precipitate was inspected visually as a cross-
check. Cooling could be controlled down to around 60 °C with a rate of 1 K/min, after which 
cooling became slower, and the temperature decay was exponential. 
Dynamic light scattering was recorded on a Malvern Zetasizer Nano ZS. The particle 
size distribution reflects the scattering intensity. 
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6.3 Results and Discussion 
The influence of the particle concentration on the dispersion high temperature 
behaviour was studied at four fixed surfactant concentrations. For C12TAB, the change of the 
dispersion-breakdown mechanism from surfactant desorption to depletion flocculation 
occurred at a particle concentration of 1 g/l between cC12TAB = 55 mM and 60 mM. So, two 
surfactant concentrations were chosen from the surfactant desorption regime. Since in this 
surfactant concentration interval, two particle size distributions prevail at room temperature, a 
concentration of 13 mM yielding a bimodal distribution and a concentration of 20 mM 
yielding a monomodal distribution were selected. 20 mM allows also to study how the 
particle concentration influences the temperature-induced change from monomodal towards 
bimodal particle size distribution at moderate temperature. One surfactant concentration was 
chosen at the edge of the mechanism change (55 mM) in order to explore whether particle 
concentration can affect the change of the dispersion breakdown mechanism. 100 mM was 
selected as the fourth surfactant concentration to find out how the particle concentration 
influences the depletion flocculation mechanism. Figure 6.1 shows where the surfactant 
concentrations and the particle concentration intervals covered by this study are located in the 
dispersion stability diagram of hydrophobic boehmite nanoparticles in aqueous C12TAB 
solution at room temperature.12 
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Figure 6.1: Dispersion stability diagram of hydrophobic boehmite nanoparticle in aqueous C12TAB 
solution.12 Stability regions from left to right: dark grey: instable region (transparent solutions with 
precipitate), medium grey: intermediate region (opalescent solutions with precipitate), light grey: 
stable region (opalescent solutions without precipitate), region with horizontal stripes (phase 
separation, lower one opalescent, upper one contains a white solid), grey: instable region due to 
depletion flocculation (opalescent or transparent solutions with precipitate). The four surfactant 
concentrations together with the particle concentrations intervals covered by this study are marked by 
thick hatched lines. 
6.3.1 Study of the dispersion breakdown at high temperature – Influence 
of particle concentration 
Turbidity measurements of the heated dispersions yielded light intensity vs. 
temperature curves, from which the beginning, the middle and the end of the dispersion 
breakdown were extracted according to a previous study16 as Tonset, Tturn and Tendset (cf. 
Appendix for all turbidity curves, Figure 6.7–Figure 6.11). Due to the shape of the light 
intensity decay, Tturn was not determined for 13 and 20 mM from 1.5 respectively 3 g/l on. 
Since the turbidity curves of 20 mM contained a preceding light-intensity drop without 
precipitation, the additional characteristic temperature Tbend could be determined here. The 
course of the four temperatures against particle concentration is displayed in Figure 6.2 for 
the four surfactant concentrations. 
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Figure 6.2: Characteristic temperatures of the dispersion breakdown determined from light-intensity 
curves in dependence of γboehmite at a constant cC12TAB: 13 mM (A), 20 mM (B), 55 mM (C), and 
100 mM (D). 
For 13 mM, the dispersion-breakdown temperatures increase up to a maximum at 
0.2 g/l and then decrease again. 20 mM gives a similar picture, except that initially only Tturn 
and Tonset increase up to 0.3 g/l. The temperatures for 55 mM increase up to 1 g/l and then 
decrease, while for 100 mM only an increase with particle concentration is essentially 
observed. 
The initially low dispersion-breakdown temperatures for 13 and 20 mM shows that at 
low particle concentration the dispersion breakdown process starts at much lower temperature 
and spans over up to 30 °C; for Tendset the increase is almost negligible (13 mM, Figure 6.2A) 
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respectively not existent (20 mM, Figure 6.2B). For the interpretation of the breakdown-
temperature decrease at higher particle concentration, a surfactant amount balance model is 
considered. It is assumed that the total amount of surfactant molecules in the dispersion 
sample, i.e. cC12TAB, consists of two fractions: one which is adsorbed on the particle surface 
(cads), and a second which remains free in solution (cfree).8 Thus, at constant cC12TAB, cfree 
should decrease with increasing γboehmite and vice versa. An increased surfactant concentration 
should suppress the desorption of surfactant molecules and should lead to a higher dispersion 
breakdown temperature, which was published recently for a constant γboehmite.16 Thus, a 
decrease of the dispersion breakdown temperatures on increasing γboehmite as reported here are 
in good accordance. The reason why the dispersion breakdown temperatures initially increase 
up to a maximum is still under investigation. 
For 55 mM, the dispersion breakdown temperatures increase initially up to a 
maximum and then decrease on increasing γboehmite, too (Figure 6.2C). However, the course of 
these temperatures can be clearly explained with a change in the dispersion breakdown 
mechanisms, since it was shown that the dispersion breakdown at 1 g/l in C12TAB solution is 
only induced by surfactant desorption up to 55 mM.16 From 60 mM on, the dispersions 
flocculate at high temperature by depletion destabilisation. So at 55 mM and γboehmite ≥ 1 g/l, 
dispersion breakdown occurs at decreasing temperature which is in accordance with the 
surfactant desorption mechanism since cfree decreases in this direction. At 55 mM, depletion 
flocculation prevails at lowest particle concentration (0.5 g/l), i.e. at higher cfree, resulting in a 
dispersion breakdown at lower temperature. In general upon depletion flocculation, lower 
dispersion breakdown temperatures with increased cfree were already reported.16 Additionally 
at lower γboehmite, an increased ratio of micelles to particles should favour depletion 
flocculation. Experimentally, depletion flocculation is concluded from an increased light 
intensity value of the flocculated dispersion sample (cf. Appendix, Figure 6.10) and an 
extended dispersion breakdown temperature interval, which is manifested in a considerably 
increased ∆T = Tendset - Tonset value.16 Due to the lack of surfactant micelles at 13 mM at all 
and 20 mM at high temperature, the explanatory approach of a depletion flocculation 
mechanism fails to explain the initial increase of the dispersion breakdown temperatures at 
lower γboehmite. 
At cC12TAB = 100 mM (Figure 6.2D), the temperature of the dispersion breakdown 
induced by depletion destabilisation increases with increasing γboehmite. As mentioned before 
because of the increase of γboehmite, such an increase of the dispersion breakdown temperature 
with decrease of cfree is a general feature of depletion flocculation at high temperature.16 The 
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light-intensity values of the flocculated samples are above 0.2 (at least for low γboehmite, see 
Appendix, Figure 6.11), and towards higher γboehmite the dispersion breakdown proceeds in a 
maximal extended temperature interval, expressed in a large ∆T value. Both features of the 
turbidity curve are characteristic for a dispersion breakdown by depletion destabilisation.16 
Tbend, which is only observed for 20 mM, decreases with increasing γboehmite. It was 
assigned to a change in the particle size distribution due to demicellisation,16 and it is 
plausible that micelles dissolve at lower temperature upon a decrease of cfree. 
The results for varying particle concentrations agree qualitatively with the influence of 
the surfactant concentration,16 when the trend of the dispersion breakdown temperatures is 
based on the change of cfree. Potentially, the temperature of dispersion breakdown could be 
only dependent on cfree, i.e. only the concentration of free surfactant molecules in solution, 
independently of γboehmite, determines the surfactant adsorption-desorption equilibrium and in 
that way the dispersion breakdown temperature. In order to clarify this, it seems worthwhile 
to try a quantitative comparison between the variation of cC12TAB and γboehmite with respect to 
cfree. For this, the course of the dispersion breakdown temperatures dependent on the two 
experimental parameters is displayed vs. cfree. cfree can be determined according to 
cC12TAB = cads + cfree by assuming a total adsorption8,16 and using the specific surface-area of 
the particles17 as well as the molar area of the surfactant.18 Figure 6.3 shows Tendset from the 
variation of γboehmite at constant cC12TAB = 20 mM and from the variation of cC12TAB at constant 
γboehmite = 1 g/l,16 both displayed against the respective theoretical cfree values. 
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Figure 6.3: Tendset obtained from experiments by varying γboehmite (, at cC12TAB = 20 mM) and by 
varying cC12TAB (, fitted by a continuous line, at γboehmite = 1 g/l) on the left ordinate displayed against 
the corresponding cfree, the theoretical concentration of surfactant molecules free in solution. 
Additionally on the right, the concentration ratio cfree / cdc for varying γboehmite () respectively for 
varying cC12TAB () is plotted against cfree. 
The Tendset values from cC12TAB variation increase linearly with cfree with a slope of 
1.1 °C/mM. For the γboehmite variation, Tendset also increases with cfree, but this increase shows 
an almost hyperbola-like course. In other words, the increase of the Tendset values of γboehmite 
variation with cfree is much higher, especially at high cfree, i.e. at low particle concentration. 
This stronger increase with cfree should be regarded as an additional effect of the particle 
concentration on the temperature of dispersion breakdown. The comparison of cC12TAB and 
γboehmite variation gives similar results for the Tturn and Tonset values at cfree ≈ 20 mM and the 3 
dispersion breakdown temperatures at cfree ≈ 13 mM (cf. Appendix, Figure 6.12–Figure 
6.16). 
For the discussion of this additional influence of the particle concentration on the 
dispersion breakdown temperatures, is it worthwhile to take a closer look at the theoretical 
surfactant counterion concentrations. With the adsorption of ionic surfactant-molecules on the 
hydrophobic particle, the assembly of ionic head groups cause a partial association of 
counterions.13 For the lack of quantitative literature data on counterion-association processes 
at solid-liquid interfaces, the ionisation degree of ionic surfactant micelles could help out for a 
(γboehmite) 
(cCnTAB) 
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rough estimation. For the case of C12TAB micelles,14 a degree of counterion ionisation of 
around 0.2 should be translated to the self-assembled surfactant monolayer on the particle 
surface, while assuming the ionisation degree to be constant over surfactant concentration. 
This means that the concentration of associated counterions cac = 0.8 · cads, the concentration 
of dissociated counterions should be cdc = 0.2 · cads, i.e. proportional to γboehmite, and the 
theoretical concentration of free counterions in a non-micellar solution cBr- = cfree + cdc. Thus, 
more counterions than surfactant molecules are free in solution resulting in a positive net-
charge of the surfactant modified nanoparticles and cdc could be considered an “surplus 
amount of counterions”.  
However, at low particle concentrations, cdc is low, and plotted against cfree, the ratio 
cfree / cdc (as a function of γboehmite) exhibits a hyperbolic course (for cC12TAB = 20 mM: see 
Figure 6.3) and fits fairly well to the rapid increase of Tendset with cfree for γboehmite variation. 
For the dispersions of cC12TAB variation at γboehmite = 1 g/l, the ratio cfree / cdc increases linearly 
and parallels the Tendset values from cC12TAB variation (see Figure 6.3). The other dispersion 
breakdown temperatures at 20 mM and also these temperatures at around 13 mM show very 
similar correlations to the cfree / cdc values (see Appendix, Figure 6.12–Figure 6.16). 
Summarising, at constant particle concentration, when the “surplus amount of 
counterions” cdc is constant, too, the dispersion breakdown temperatures increases almost 
linearly with cfree. For γboehmite variation, the increase of the dispersion breakdown 
temperatures with cfree is much stronger and seems to be influenced by the varied “surplus 
amount of counterions” cdc, since it fits quite well the hyperbolic course of cfree / cdc. These 
two correlations provide evidence that apart from cfree there is an additional influence of the 
particle concentration on the temperature of dispersion breakdown, which is particularly 
evident at low particle concentration. At high γboehmite, a considerable surplus of counterions 
seems to promote the dispersion breakdown and the dispersion breakdown occurs at lower T. 
When the surplus of counterions is negligible at low γboehmite, the dispersion breakdown is 
retarded and the dispersion breakdown occurs at higher T. Applied to the basic adsorption 
equilibrium, an surplus of counterions should retard adsorption of surfactant molecules and 
promote their desorption. However, it is known that salt addition decreases the cmc due an 
increased screening of the ionic head-group.19 Possibly, opposed influence of counterions on 
the surfactant monomer solubility – decreased solubility for micellisation and increased 
solubility for surfactant adsorption leading to dispersion breakdown – is connected with the 
fact that in the case of salt addition the total electrolyte concentration, i.e. anions and cations, 
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is increased, while for enhanced dissociation of counterions due to an increased particle 
concentration it is not. 
6.3.2 Extent of redispersion upon cooling 
The afore mentioned experiments focused on the colloidal stability upon heating. 
However, the question, whether dispersion breakdown is reversible upon cooling, is of equal 
interest. The influence of the particle concentration on the redispersion behaviour was studied 
at the same C12TAB concentrations used in section 6.3.1. A normalised intensity value after 
cooling equal to the initial value before thermal treatment or even higher pinpoints successful 
redispersion. A sample which shows an unchanged or not markedly changed intensity value 
compared to the one of the instable sample (at high temperature) is not redispersed upon 
cooling. Figure 6.4 shows the redispersion behaviour at cC12TAB = 20 mM; at cC12TAB = 13 
mM, no evidence for redispersion was found (cf. Appendix, Figure 6.17). 
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Figure 6.4: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C12TAB solution at cC12TAB = 20 mM and changing γboehmite. The direction of the arrows 
indicates heating and cooling phases. Tbend is marked in the turbidity curves of 0.8 and 1.5 g/l. 
At cC12TAB = 20 mM, redispersion is achieved upon cooling, but shows a strong 
dependence on the particle concentration. The turbidity curves during heating and cooling are 
shown exemplary for 0.8, 1.5, and 4 g/l in Figure 6.4 (cf. also Appendix, Figure 6.18–Figure 
6.19). It should be noted that dispersions at this surfactant concentration show a monomodal 
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particle size distribution of ~50 nm at room temperature. Upon heating, a transition towards a 
bimodal size distribution (additional appearance of ~500 nm agglomerates) occurs at Tbend 
before the actual dispersion breakdown.16 The redispersion observed at low particle 
concentration is connected with a drastic increase of light intensity starting at Tbend. However, 
this increase reaches only up to the light intensity level of the bimodal particle size 
distribution at T > Tbend upon preceding heating (in Figure 6.4: ~0.8). From a particle 
concentration of 1.5 g/l on, the increase of light intensity starts already at temperatures 
markedly higher than Tbend and exceeds at room temperature the intensity level of the bimodal 
distribution. Complete redispersion is observed at 2 g/l, and, at higher γboehmite, the light 
intensity after cooling is much higher than the initial intensity before heating (in Figure 6.4: 
at 4 g/l). The higher light intensity could originate from a lower particle size after 
redispersion. In order to verify this, dynamic light scattering measurements were performed 
before and after thermal treatment (Figure 6.5). 
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Figure 6.5: Particle size distributions at γboehmite = 4 g/l dispersed in aqueous C12TAB solutions of 
cC12TAB = 20 mM before and after heating up to 140 °C. 
Thermal treatment up to 140 °C with a dispersion breakdown at 110-120 °C changes 
the particle size distribution from bimodal before heating to monomodal after cooling. At the 
same time the average particle size decreases from 111 to 82 nm associated with a change in 
the optical appearance from whitish opaque to bluish opalescent. 
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Dispersions of cC12TAB = 55 mM were found to redisperse after thermal treatment only 
at high particle concentrations and then only partially (cf. Appendix, Figure 6.20). At 
cC12TAB = 100 mM, after heating the samples were not redispersed at any particle 
concentration (cf. Appendix, Figure 6.21). 
In order to compare the influences of particle concentration and surfactant 
concentration on the redispersion behaviour, dispersions of constant γboehmite = 1 g/l were 
studied with a variation of cC12TAB (see Figure 6.6 and cf. Appendix, Figure 6.22–Figure 
6.24). 
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Figure 6.6: Normalised light intensity during heating and cooling of boehmite nanoparticles in 
aqueous C12TAB solution at γboehmite = 1 g/l and changing cC12TAB. The direction of the arrows indicates 
heating and cooling phases. Tbend is marked in the turbidity curves of 15.7 and 20 mM. 
The particle concentration study is corroborated as no or almost no redispersion is 
found for cC12TAB ≤ 13 mM. From 15 to 18 mM, complete or almost complete redispersion 
could be observed. Here, the increase of the light intensity upon cooling started at T > Tbend. 
From 20 mM on, the redispersion was only partial and characterised by a sudden and drastic 
increase of the light intensity at Tbend. The light intensity upon cooling reached up to the level 
of the bimodal particle size distribution caused by previous heating higher than Tbend. At 
higher cC12TAB, the redispersion behaviour changed to a gradual increase of the light intensity 
up to low level, until, from 60 mM on, the samples could no longer be redispersed upon 
cooling.  Hence, this study on the influence of the surfactant concentration (with fixed particle 
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concentration) upon thermal treatment is able to corroborate and complement the findings 
from particle concentration variation (Figure 6.4 and Appendix, Figure 6.17–Figure 6.21). 
Further, a very similar dependence of the redispersion behaviour on the surfactant 
concentration was also found for the C10TAB system (cf. Appendix, Figure 6.25–Figure 
6.26). 
The results indicate that both surfactant and particle concentration influence the 
redispersion behaviour after thermal treatment. However, the surfactant concentration seems 
to be the decisive parameter, since at 13 mM and 100 mM the dispersions remain unstable 
upon cooling with a variation of γboehmite. As the experiments on the variation of cC12TAB 
already implied, a minimum surfactant concentration is needed for redispersion. The origin 
for this is still under investigation. 
The question now arises how at higher surfactant concentration, from 
cC12TAB = 15 mM and γboehmite = 1 g/l on, at least partial redispersion occurs. Principally, 
redispersion as reflected in the light intensity can develop in two ways. For (almost) complete 
or enhanced redispersion starting already at temperatures higher than Tbend (cC12TAB = 15–
18 mM, γboehmite = 1 g/l and cC12TAB = 20 mM, γboehmite ≥ 1.5 g/l), Tbend is < 70 °C or this 
characteristic temperature does not appear because of high γboehmite. On partial redispersion up 
to a light intensity level equal to the bimodal particle size distribution at T > Tbend upon prior 
heating, the colloidal stability is increased abruptly at Tbend (cC12TAB = 20–35 mM, 
γboehmite = 1 g/l and cC12TAB = 20 mM, γboehmite ≤ 1 g/l) and in this case Tbend is always > 70 °C. 
An additional feature, which is different between the two groups of dispersion samples, is the 
size of cfree, i.e. the concentration of non-adsorbed surfactant molecules. In the case of the 
sudden, partial redispersion, cfree is always larger (dissolution of micelles at high Tbend) than in 
the case of the complete (or enhanced) redispersion (dissolution of micelles at low Tbend). In 
general, there are two equilibria, which are responsible for the breaking up of the 
agglomerates and redispersion upon cooling: Adsorption/desorption of surfactant molecules 
on the particle surface and association/dissociation of counterions to/from the self-assembled 
surfactant structure on the particle surface. These equilibria shift to adsorption respectively 
association with decreasing temperature. Here, a better redispersion because of a higher 
concentration of non-adsorbed surfactant molecules fails as an explanation. More likely is that 
a lower concentration of counterions in solution (because of lower cfree value, or in case of 
high γboehmite, since most counterions are associated to the surfactant layer) enables a higher 
ionisation degree of the self-assembled surfactant structure, which in turn leads to 
redispersion. A high counterion concentration (at high cfree, or in case of low γboehmite, since 
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only little counterions are associated to the surfactant layer) could suppress the charging to the 
surfactant layer, until, at Tbend, a major part of the counterions is abruptly consumed by 
micellisation16 leading to redispersion by a charging of the agglomerates. However, this 
micellisation induced redispersion is only partial and does not effectively break up the 500 nm 
agglomerates of the bimodal distribution.16 In contrast, the redispersion of samples of low 
counterion concentration starts already at higher temperature and is complete or even 
enhanced at low temperature. Obviously, this gradual redispersion over the whole temperature 
range is more effective. It should be noted that for an improved dispersion of samples of 
cC12TAB = 20 mM and γboehmite ≥ 3 g/l the dispersion breakdown at high temperature is not 
necessary. Thermal treatment up to 100 °C increases considerably the colloidal stability 
expressed in a decreased particle size. This is seen to be a direct consequence of the increased 
ionisation degree of tail-on adsorbed surfactant layers at high temperature, since the enhanced 
electrostatic stabilisation induces deagglomeration.16 
The redispersion behaviour of samples at cC12TAB > 35 mM changes again to a gradual 
increase of the light intensity, but now only up to a rather low intensity level. For samples 
affected by depletion flocculation, redispersion is not observed. For cC12TAB = 55 mM and 
γboehmite = 1 g/l, which is on the edge to depletion flocculation, partial redispersion is only 
achieved for the highest particle concentration (lowest cfree!). It seems remarkable that 
samples affected by high temperature depletion flocculation are not redispersible at all upon 
cooling, although colloidal instability due to depletion flocculation is known to be 
reversible.20 This might be explained by the fact that, unlike at room temperature, due to the 
dissociation of counterions the particles are higher charged at high temperature. A higher 
particle surface charge was shown to result in a stronger depletion attraction.21 Consequently, 
agglomerates could be bound stronger, and, upon cooling to room temperature, dispersion 
stability can not be established again. Following this thinking, high temperature depletion 
flocculation might then possibly be reversible by dilution of the samples at high temperature. 
6.4 Conclusions 
We have shown that the high-temperature colloidal instability of hydrophobic 
boehmite nanoparticles with self-assembled C12TAB layers depends on the nanoparticle 
concentration γboehmite; more precisely the temperature of dispersion breakdown decreases with 
increasing γboehmite. This is in qualitative agreement with the dependence of the high-
temperature dispersion breakdown on surfactant concentration, as the concentration of 
surfactant molecules free in solution, cfree, decreases with γboehmite, when the total surfactant 
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concentration is kept constant. However for a quantitative comparison at constant cfree, a high 
concentration γboehmite gives lower temperatures of dispersion breakdown than low γboehmite. 
This is likely to be caused by the counterions dissociated from the surfactant layer on the 
particles, whose concentration increases with γboehmite. 
The redispersion of high-temperature flocculated dispersions upon cooling is possible. 
There is a minimum surfactant concentration required for redispersion of around 15 mM, and 
depletion flocculated samples at high surfactant concentration cannot be redispersed. For 
surfactant concentrations in-between, complete or even enhanced redispersion can be 
achieved at low cfree, e.g. by increasing the nanoparticle concentration, leading simultaneously 
to a lowering of the counterion concentration. This shows that the association-dissociation 
equilibrium of counterions to respectively from the adsorbed ionic-surfactant shells on the 
particles is of vast importance to the dispersion stability. For the case of enhanced 
redispersion, thermal treatment effectively reduces the dispersed particle size, which could 
have a large application potential as a formulation technology in e.g. cosmetics. 
6.5 Appendix 
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Figure 6.7: Assignment of characteristic temperatures of colloidal stability on heating. 
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Figure 6.8: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C12TAB solution at constant cC12TAB = 13 mM and changing γboehmite. 
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Figure 6.9: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C12TAB solution at constant cC12TAB = 20 mM and changing γboehmite. 
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Figure 6.10: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C12TAB solution at constant cC12TAB = 55 mM and changing γboehmite. 
0
0.2
0.4
0.6
0.8
1
0 20 40 60 80 100 120 140 160 180 200
T  / °C
n
o
rm
.
 
in
te
n
si
ty
0.50 g/l
1.0 g/l
2.0 g/l
7.0 g/l
 
Figure 6.11: Normalised light intensity during the heating of boehmite nanoparticles in aqueous 
C12TAB solution at constant cC12TAB = 100 mM and changing γboehmite. 
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Figure 6.12: Tonset obtained from experiments by varying γboehmite (, at cC12TAB = 20 mM) and by 
varying cC12TAB (, fitted by a continuous line, at γboehmite = 1 g/l) on the left ordinate displayed against 
the corresponding cfree. Additionally on the right, the concentration ratio cfree / cdc for varying γboehmite 
() respectively for varying cC12TAB () is plotted against cfree. Decreased Tonset values at highest cfree 
(γboehmite variation, at very low γboehmite) are not displayed. 
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Figure 6.13: Tturn obtained from experiments by varying γboehmite (, at cC12TAB = 20 mM) and by 
varying cC12TAB (, fitted by a continuous line, at γboehmite = 1 g/l) on the left ordinate displayed against 
the corresponding cfree. Additionally on the right, the concentration ratio cfree / cdc for varying γboehmite 
() respectively for varying cC12TAB () is plotted against cfree. Decreased Tturn values at highest cfree 
(γboehmite variation, at very low γboehmite) are not displayed. 
Chapter 6 
 145 
 
80
90
100
110
120
130
140
150
160
5 7 9 11 13 15 17
c free / mM
T
o
n
s
et
 
/ °
C
0
50
100
150
200
250
300
350
400
c
fre
e 
/ c
dc
 
Figure 6.14: Tonset obtained from experiments by varying γboehmite (, at cC12TAB = 13 mM) and by 
varying cC12TAB (, fitted by a continuous line, at γboehmite = 1 g/l) on the left ordinate displayed against 
the corresponding cfree. Additionally on the right, the concentration ratio cfree / cdc for varying γboehmite 
() respectively for varying cC12TAB () is plotted against cfree. Decreased Tonset values at highest cfree 
(γboehmite variation, at very low γboehmite) are not displayed. 
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Figure 6.15: Tturn obtained from experiments by varying γboehmite (, at cC12TAB = 13 mM) and by 
varying cC12TAB (, fitted by a continuous line, at γboehmite = 1 g/l) on the left ordinate displayed against 
the corresponding cfree. Additionally on the right, the concentration ratio cfree / cdc for varying γboehmite 
() respectively for varying cC12TAB () is plotted against cfree. Decreased Tturn values at highest cfree 
(γboehmite variation, at very low γboehmite) are not displayed. 
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Figure 6.16: Tendset obtained from experiments by varying γboehmite (, at cC12TAB = 13 mM) and by 
varying cC12TAB (, fitted by a continuous line, at γboehmite = 1 g/l) on the left ordinate displayed against 
the corresponding cfree. Additionally on the right, the concentration ratio cfree / cdc for varying γboehmite 
() respectively for varying cC12TAB () is plotted against cfree. Decreased Tendset values at highest cfree 
(γboehmite variation, at very low γboehmite) are not displayed. 
Impact of nanoparticle concentration on the high-temperature dispersion breakdown 
 148
0
0.2
0.4
0.6
0.8
1
0 20 40 60 80 100 120 140 160 180
T  / °C
n
o
rm
.
 
in
te
n
si
ty
0.15 g/l
0.50 g/l
1.0 g/l
2.0 g/l
4.0 g/l
 
Figure 6.17: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C12TAB solution at constant cC12TAB = 13 mM and changing γboehmite. The direction of the 
arrows indicates heating respectively cooling. 
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Figure 6.18: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C12TAB solution at constant cC12TAB = 20 mM and changing γboehmite of 0.29 to 1.5 g/l. The 
direction of the arrows indicates heating respectively cooling. 
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Figure 6.19: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C12TAB solution at constant cC12TAB = 20 mM and changing γboehmite of 2 to 5 g/l. The 
direction of the arrows indicates heating respectively cooling. 
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Figure 6.20: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C12TAB solution at constant cC12TAB = 55 mM and changing γboehmite. The direction of the 
arrows indicates heating respectively cooling. 
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Figure 6.21: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C12TAB solution at constant cC12TAB = 100 mM and changing γboehmite. The direction of the 
arrows indicates heating respectively cooling. 
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Figure 6.22: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C12TAB solution at constant γboehmite = 1g/l and changing cC12TAB of 8 to 15.7 mM. The 
direction of the arrows indicates heating respectively cooling. 
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Figure 6.23: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C12TAB solution at constant γboehmite = 1g/l and changing cC12TAB of 17 to 35 mM. The 
direction of the arrows indicates heating respectively cooling. 
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Figure 6.24: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C12TAB solution at constant γboehmite = 1g/l and changing cC12TAB of 50 to 250 mM. The 
direction of the arrows indicates heating respectively cooling. 
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Figure 6.25: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C10TAB solution at constant γboehmite = 1g/l and changing cC10TAB of 50 to 68 mM. The 
direction of the arrows indicates heating respectively cooling. 
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Figure 6.26: Normalised light intensity during the heating and cooling of boehmite nanoparticles in 
aqueous C10TAB solution at constant γboehmite = 1g/l and changing cC10TAB of 77 to 130 mM. The 
direction of the arrows indicates heating respectively cooling. 
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